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GENERAL INTRODUCTION 
Atmospheric scientists, after years of developing their theories, have solid ev­
idence that commonly used refrigerants are the major cause of earth's sunscreen 
(the ozone layer) deterioration at much more rapid than expected rate. The NASA 
air sampling flights into the stratosphere over the Arctic and Antarctic are finding 
residue of CFCs (chlorofluorocarbons) wherever the ozone layer is damaged. The 
look-up instrument flights over Antarctica at lower altitudes are locating huge holes 
in the ozone layer, and ground monitoring at various locations around the world 
over the last several years has shown significant increases in ultraviolet radiation. 
Increases of 5 to 10 percent have been reported. In March of 1988, even the CFC 
industry, which had been fighting the findings, agreed that the CFCs were causing 
serious problems. 
CFCs are man-made chemicals that substitute flourine, chlorine and/or bromine 
atoms for the hydrogen atoms in common hydrocarbon molecules, in particular 
methane, ethane, butane, and propane. These synthetic molecules are extremely 
stable chemically. The only way these synthetic molecules are broken down is by 
extreme heat or ultraviolet radiation. CFC molecules are dumped into the air by 
purging, blowing down a system, aerosol cans, refrigerant leaks, etc. They gradually 
diffuse into the air mass. Gradually but steadily, the diffused CFCs are carried by 
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winds around the world and eventually into the very upper layers of the the earth's 
cushion of air. There, exposed to strong ultraviolet radiation from the sun, they 
decompose into ions of chlorine, fluorine, bromine, carbon and combinations thereof. 
At the same time, ultraviolet radiation is breaking the not-so-stable molecules of 
oxygen (O2) apart into oxygen ions (0"^). Normally, an oxygen ion combines with an 
oxygen molecule to form ozone (0^ ), which limits the amount of ultraviolet radiation 
that reaches the earth. But with increased concentrations of the chemically aggressive 
chlorine and bromine ions, compounds like chlorine monoxide are formed that do not 
absorb ultraviolet radiation. Atmospheric lifetime of chlorine ions is around 100 years 
and during that time they can react with 100,000 ozone molecules. The ozone is never 
formed to replace the ozone that is normally and continuously reforming into more 
stable oxygen. The ozone layer is a fragile and dynamic protection for the earth. 
The ozone layer is predicted to thin until the CFGs have been used up. We have 
been manufacturing CFCs for about .50 years. Professors F. Sherwood Rowland and 
Mario Molino (1974), University of California, estimate that if we were to stop CFC 
production completely today, it would take at least .50 years before the ozone layer 
would quit thinning and start rebuilding, and it would be at least 200 years before 
the ozone layer would be back to where it was in 1970. 
If significant depletion of the ozone layer were to occur, there would be an in­
crease in the amount of ultraviolet radiation reaching the earth's surface. Significant 
increases in ultraviolet radiation could lead to increased skin cancer incidence and 
damage to some crops and marine life. 
In September 1987 the Montreal meeting of the United Nations Environmental 
Program was attended by .55 nations. As a result, 24 nations and European Commu­
3 
nity signed the "Montreal Protocol on Substances that Deplete the Ozone Layer". 
After ratification by 11 signatory nations (representing at least two thirds of the 
world CFC consumption) the agreement became effective on 1 January 1989. For 
the CFCs 11, 12, 113, 114, and 11.5 a freeze at the 1986 levels was imposed effective 
1 .July 1989. This is to be followed by a 20% reduction by 1993 and a 50% cut by 
1998. There are limited exceptions for the developing countries. The measures hold 
both for production, defined as the amount produced minus the amount destroyed by 
available technologies, and consumption, defined as the amount produced minus the 
amount exported plus the amount imported. In .July 1991, about 70 nations (repre­
senting over 90 percent of global CFC production and consumption), had signed the 
Montreal Protocol. In many ways the developing countries face a more formidable 
task in reforming their CFC use than countries with greater financial and techno­
logical means. In recognition of their special circumstances, the Montreal Protocol 
allows developing nations a 10-year grace period before compliance is required. 
One can compare the ozone depletion potentials (ODP) of the various CFCs to 
see the relative efi"ects on ozone depletion. Ozone depletion potential is expressed as 
a ratio of ozone depletion rate of any refrigerant CFCs to that of CFC 11. Therefore, 
CFC 11 is arbitrarily assigned the value of 1.0. Deeny (1987) gives the ODPs of CFC 
12, GFC 113, CFC 114, CFC 115, CFC 502, and CFC 22 as 0.86, 0.80, 0.60, 0.32, 
0.19, 0.05, respectively. 
CFCs used as refrigerants have an "R" designation, e.g., CFC 22 is the same 
asR22. From the ODPs of the refrigerants one can see that it takes 20 pounds of R22 
to cause the same potential ozone depletion as 1 pound of Rll or 1.16 pounds of R12. 
That is why R22 is part of the solution to the CFC problem. R22 is widely used in 
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air conditioners and refrigerating equipment and is not controlled by the protocol. 
The advent of the international agreement limiting production of certain refrig­
erants has created a sudden and intense interest in the development of substitutes 
for these refrigerants. There are almost 10 - 15 fluids which are currently the focus of 
intense development efforts, by both the chemical producers and refrigeration equip­
ment manufacturers. R123 and R141b are being developed as replacements for Rll. 
R124 and Rl )4 are alternative refrigerants for R114. R143a is a possible replacement 
for R115. 
The potential alternative for R12 is R1.34a. Major factors responsible for the 
selection of R134a as the leading substitute for R12 are its benign atmospheric be­
havior, and its thermodynamic properties that are similar to those of R12 ( Spauschus, 
1988; Wilson and Basu, 1988; Basu and Wilson, 1989), coupled with the nonflamnia-
bility and zero ODP. In addition, the low molecular weight of Rl34a and its high 
latent heat are advantages in refrigeration systems. However, the high specific heat 
compared to R12 is a negative factor. 
Utilization of a new refrigerant requires information on material compatibility 
and refrigerant/lubricant properties. For widely used refrigerants, this information 
is generally known and readily available in references such as the ASHRAE Hand­
book Systems volume chapter on lubricants in refrigerant systems. The role of a 
lubricant in a refrigerating or heat pump system is primarily to lubricate the sliding 
surfaces. In large refrigerating or heat pump plants with centrifugal compressors, no 
oil is necessary inside the compression stage because the bearings are isolated from 
the refrigerant. Positive displacement compressors, reciprocating as well as rotating 
machines, need sealing and sliding elements on the piston or cylinder surface of the 
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compression chamber, so lubricants are required. 
The CF^CH2F ( R134a) molecule is relatively polar compared to CCI2F2 (R12) 
and CHCIF2 (R22), as revealed by the dipole moments of these substances. The 
higher polarity of R134a, however, contributes to low solubility in non-polar lubri­
cants such as mineral oils and synthetic hydrocarbons presently used as refrigeration 
compressor lubricants. 
The objective of this study was to evaluate the solubility and viscosity of the 
alternative refrigerant R134a in a compatible polyester lubricant and to compare the 
results with the most commonly used ozone-unfriendly refrigerant R12 solubility and 
viscosity in a predominantly alkylbenzene lubricant. In order to accomplish this ob­
jective in a logical manner it was essential, first, to evaluate the quality of property 
representation using the conventional methods widely used in the chemical process 
industries. Despite the enormous investment in the commercialization of CFC tech­
nology, there is an alarming absence in non-proprietary information bases regarding 
basic thermophysical properties of these materials. In particular, there is very little 
information available regarding properties of refrigerant/lubricant mixtures. Since 
the properties of these mixtures are the essential design element in the development 
of replacement systems with little or no capacity for atmospheric degradation, the 
importance of rationale, as opposed to the strictly empirical methods through which 
the present systems have emerged, can not be overstated. 
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THESIS FORMAT 
This dissertation contains two papers. The first paper gives detailed information 
about the most common activity coefficient methods and their applications to the re­
frigerant /lubricant mixtures, R12/SUS300 alkylbenzene+PAO SHC234, R22/SUS150 
alkylbenzene, and R134a/SR484. Thermodynamic perturbation theory is also ap­
plied to these mixtures. The second paper presents viscosity methods for binary 
mixtures and results for the mixtures under investigation. The papers are preceded 
by an introduction that outlines the problem and followed by a general summary. 
The references for the general introduction follow the general summary. 
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PAPER I. 
PRESSURE CORRELATIONS OF REFRIGERANT MIXTURES 
8 
ABSTRACT 
Accurate representations of dense fluid mixtures typically require methods phrased 
in terms of activity. Some approaches to representations of activity are derived from 
arguments based upon local composition models. These have the advantage of pro­
viding approximate, but physically reasoned, relationships to molecular structure and 
intermolecular association. Since the essential difficulty in the establishment of suit­
able refrigerant/oil replacements is that of solubility effects arising from asymmetric 
molecular association, local composition models are expected to be promising for 
the correlation of experimental pressure-temperature-solubility (P-T-x) data. Local 
composition models may also have the advantage that an approximate form for the 
temperature dependence of the activity is provided. To the extent that this form is 
correct, the amount of experimental measurements required for a characterization of 
the PTx surface is reduced, as are uncertainties associated with extrapolation from 
a limited amount of experimental data. 
Other approaches to the representations of activity are derived from arguments 
based upon group contribution methods. The basic idea is that, while there are thou­
sands of common materials used by chemical technology, the number of functional 
groups which constitute these compounds is much smaller. Therefore, with the as­
sumption that a physical property of a fluid is a sum of contributions made by the 
9 
molecules' functional groups, it is possible to correlate the properties of a very large 
number of fluids in terms of a much smaller number of parameters which characterize 
the contributions of individual groups. 
Any group-contribution method is approximate because the contribution of a 
given group in one molecule is not necessarily the same as that in another molecule. 
The fundamental assumption of a group-contribution method is additivity; the con­
tribution made by one group is assumed to be independent of that made by another 
group. This assumption is valid only when the influence of any one group in a 
molecule is not affected by the nature of other groups within that molecule. For 
example, it is not expected that the contribution of a C=0 (carbonyl) group in a 
ketone (say, acetone) will be the same as that of a C=0 group in an organic acid 
(say, acetic acid). On the other hand, experience suggests that the contribution of 
a C=0 group in acetone is close to the contribution of a C=0 group in 2-butone 
(Fredenslund et al., 1977). 
Some theoretically-based methods which do not require activity have found ex­
tensive use for equilibrium calculations. Gubbins and Twu (1978) developed a so­
lution theory (based on thermodynamic perturbation theory) which allows strong 
directional inter-molecular forces to be taken into account when calculating thermo­
dynamic properties. There has been made no evaluation of the applicability of this 
method to the CFC systems considered here. This method is more direct than the 
local composition and group-contribution methods in the sense that pressure is ob­
tained explicitly as a function of composition, temperature and density. The concept 
of an activity coefficient is avoided. 
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NOMENCLATURE 
Excess Gibbs energy per mole 
k B  Boltzmann constant 
P Pressure { k P a )  
T Temperature C^F) or (A') 
W Parameter in modified Wilson equation 
X  Liquid-Phase mole fraction 
y  Vapor-Phase mole fraction 
Greek Letters 
a Parameter in NRTL equation 
Activity coefficient . 
A Parameter in Wilson and modified Wilson equation 
$ Fugacity coefficient 
cr True diameter 













CHAPTER 1. INTRODUCTION 
The equivalence of the chemical potential of the refrigerant in the vapor and 
solution phases is expressed (Walas, 1985) as 
v r ^ R P  =  (1-1) 
where the Poynting factor, 
(fF)^=exp (1.2) 
•'^R 
provides correction of the liquid phase fugacity from the vapor pressure to the system 
pressure. Here and are mole fractions of refrigerant in the vapor and solution 
phases, respectively; P is the pressure in the vapor phase, which by the condition of 
mechanical stability is equal to the solution pressure; 7^ is the activity coefficient 
of the refrigerant in the solution; is the vapor pressure of the pure refrigerant at 
the system temperature; $^is the fugacity coefficient at the syslrin pressure and 
temperature; is the fugacity coefficient at the saturation pressure and system 
temperature; is the refrigerant molar volume. Because of the non-volatility of the 
lubricant, — 1.0 and equation (1.1) is sufficient to define the solution state. 
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Calculation of Corrections for Non-ideality 
We define the correction factor as 
C R  =  C l X  C2 (1.3) 
where 
ci : Ratio of fugacity coefficients at system pressure and refrigerant vapor pres­
sure, calculated from an equation of state. 
C2 : Correction factor for the effect of pressure on fugacity, estimated from liquid 
density and the difference between the system pressure and refrigerant vapor pressure. 
A Martin-Hou type equation of state is used to calculate C R . The equation of 
state is given below 
For the refrigerants R 1 2  and R 2 2  the constants in the above equation are taken from 
Reynolds (1979). They are extracted from Wilson and Basu (1988) for the refrigerant 
R l U a .  
R T  5 1 
, _ A ^ 
.(4 + a,.r + c',e-A'?'f) (1.4) 
R12 
P[=]f a, ?[=]%, Tr = T/Tc 
K  = .5.47.5 Tc = .38.5.17 A' 
R  =  68.7480J/%/A' b  = 4.06366926^ - 04 
.42 = -91.6210126 ,4g = 1.01049.598JE; - 01 
B'l = 7.71136428^ - 02 Eg == -5.67539138^ - 05 
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0-2 = -1.52524293^03 C'g = 2.19982681 
.44 = -5.74640225^ - 05 = 0.0 
54 = 0.0 5.5 = 4.081933T1E - 11 
C'4 = 0.0 C'5 = -1.66307226^ - 07 
R22 
P [ = ] P a ,  T [ = ] K ,  v [ = ] m ^ / k g ,  T r  = T / T c  
K  =  4.2 T c  = 369.17A' 
R  =  9 6 . U 6 7 J / k g / K  
.4-2 = -1.16981908 E02 
6= 1.24855636E - 04 
A3 = -2.92952588E - 02 
8-2 = 1.16431240E - 01 Eg = 2.30319412E - 04 
C'2 = -1.18409710E03 C'3 = 2.48896136 
.44 = 2.41919261^ - 04 .4,5 = -2.43458.381 E - 07 
54 - -6.79667708E - 07 = 6.30201766E - 10 
C'4 = 0.0 C'5 = -1.20619716E - 06 
R134a 
P [ ^ k P a ,  T [ = \ K ,  v [ = ] m ^ l k g ,  T r  =  T / T c  
K  = 5.475 T c  = 374.25 A' 
R  = 81.48811629^ - 03A;J/%/A b  = 0.3455467E - 03 
A3 = 0.1447797E - 03 
53 = -0.8942552E - 07 
C'3 = 0.6469248E - 02 
A5 = -6.953904E - 12 
5,5 = 1.269806E - 13 
C'5 = -2.051369f - 09 
^2 = -0.1195051 
B 2  = 0J137590E - 03 
C 2  = -3.531592 
.44 = -1.049005E -• 07 
54 = 0.0 
C'4 = 0.0 
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The fugacity coefficient of any component can be calculated using the relation 
(Walas, 1985) 
In —  1  —  I n  Z  1 n i  
•  ~ r t L  
p - S l ' u , ,  (1.5) 
where v  is the vapor molar volume and Z  is the compressibility factor. Using the 
Martin-Hou equation of state one obtains 
l n $ 2  =  Z  —  1 —  I n  Z  —  I n  (  )  
+ 
J_ A2 + B2T + C'2e-^'''^r + B^T + C^e 
R T  [ v  -  b )  • 2 { v  -  6 ) 2  
, ^4 + B4T + C^e-^'Tr ^ ,4^ + B^T + 
3 { v  - b ) ^  4(f — h ) ' ^  
Knowing the volume at system temperature and corresponding saturation pres­
sure, is calculated as 
' ^ —A T r  
CI = $ R  
( 1 . 6 )  
where is fugacity coefficient at system temperature and pressure, and is 
fugacity coefficient at system pressure and vapor pressure. C2 is calculated as 
C2 = exp , / ^ ^ i  d P )  (1.7) 
wr here is refrigerant molar volume. Assuming the liquid is essentially incompress­
ible, i.e., is not a function of pressure, C2 can be approximated by 
"1 ^ 2  =  -  P R ) ]  (1-8) 
While cj^ can be calculated from pure refrigerant properties, activity coefficients 
will be calculated from equation (1.1) using experimental data. The reliability of 
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estimation methods in the absence of experimental data are then be assessed. In 
general, activity coefficients are functions of concentration and temperature. The 
effect of temperature is much less than that of composition and can frequently be 
neglected over moderate temperature ranges. As the mole fraction of a component 
a p p r o a c h e s  1 . 0 ,  i t s  a c t i v i t y  c o e f f i c i e n t  g o e s  t o  1 . 0 .  T h e n  f o r  a  p u r e  c o m p o n e n t  y  —  
, T  =  1  a n d  t h e  v a p o r  p r e s s u r e ,  P ^ ,  e q u a l s  t h e  t o t a l  p r e s s u r e  P .  
Calculation of Activity Coefficients 
Many equations have been proposed for correlating activity coefficients with 
composition and temperature, some on more or less rational grounds, others purely 
empirically but with intuition. Usually the composition is expressed in mole fractions, 
XI but the use of volume fractions or molecular surface fractions may be preferable 
when the components differ substantially in size or molecular structure. 
Since all the activity coefficients for a given system are related to G^^/RT, 
correlations are built around this function. The basic relations for binary mixtures 
are 
Q e x  
= •^lln7l + •^2ln72 (1-9) 
(1 .10)  
( 1 . 1 1 )  
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The local composition models due to Renon and Prausnitz (1968), Wilson( 1964), 
their modifications, the Margules equation, and the UNIFAC method developed by 
Fredenslund et al. (1977) are applied here. 
Margules equation For binary mixtures the function /xi.V2RT can be 
expressed in a power series known as the Redlich-Kister expansion (Redlich et al., 
1952) 
G ^ ' ^ I R T  o o 
=  a  +  b ( x i  —  X 2 ) - i - c ( x i  -  . V 2 )  +  d (x2  -  .V2y • (1 .12 )  
X  2 X 2  
Different truncations of this series can be taken. For each particular expression 
for /X1X2RT, specific expressions for In'y^ and In72 result from application of 
equations (1.10) and (1.11). Thus when a = b = c = d — ... = 0. G^'^/RT = 0, 
In 72 = 0, and In 72 = 0. In this case 7l = 72 = 1, and the solution is ideal. 
If c = cf = ... = 0, then 
G ^ ^ / R T  
— a  +  b i x - i — x n )  (1.13) 
X I X 2  
An alternative form of this equation is obtained if a is multiplied by rj ~ ,r2(= 1) : 
/^e.T / fU' 
= (a + b)xi + (a - b)x2 (1.14) 
Z122 
If we let a  +  b  =  A  and a  —  b  =  B ,  w e  have 
G ^ ^ / R T  
x i x 2  
The corresponding equations for the activity coefficients are 
= + Bx2 (1.15) 
=  X 2 [ B - \ - 2 { A  —  B ) x i ]  (1.16) 
I n 7 2  = -  2 ( - 4 -  5 ) , T 2 ]  ( L I T )  
These equations are the Margules equations, which have been widely used. 
We have used the following form of the Margules equation to determine the 
activity coefficient of refrigerant in the mixture. 
I n -FR =  x ^ { A ç ^  - \ -  A i T  +  A 2 T ' ^  - ' r  X +  B ^ T  +  B - i T ^ ) )  (1-18) 
where X R  and X Q  are the mole fractions of the refrigerant and lubricant, respectively, 
and and B2 are the fitting parameters. 
Wilson equation The well known expression for the molar Gibbs energy of 
mixing for polymer solutions (G®'^), known as the Flory-Huggins equation, is 
C;e.-c 
— = xiln{(pi/xi) + X2ln{ç2lx2) + -^4>l4>2i^l +"1x2). (1.19) 
where R is the universal gas constant; T is the absolute temperature: x^- is the mole 
fraction of component i; is the overall volume fraction of component i; W is the 
Flory-Huggins interaction parameter; and m is the molar volume ratio of polymer to 
solvent. 
Wilson (1964) obtained an expression for the excess Gibbs energy by analogy 
with the Flory-Huggins expression for athermal mixtures [W = 0.0). where he re­
placed overall volume fractions ((}>) by local volume fractions (^). 
To derive the Wilson equation we first consider a binary solution of components 
1 (refrigerant) and 2 (oil). If we focus attention on a central molecule of refrigerant, 
the probability of finding an oil molecule compared to that of finding a refrigerant 
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molecule about this central molecule is defined by 
^ O R  _ X Q e x p l - j e j i Q / R T ) ]  
^ R R  ^ R ^ ^ P l - i ^ R R / ^ T ) ]  
Equation (1.20) says that the ratio of oil to refrigerant molecules about a cen­
tral refrigerant molecule is equal to the ratio of the mole fractions of refrigerant 
and oil weighted statistically by the Boltzmann factors exp[-(ej:^Q )/RT] and exp[-
(e^^)/RT]. It is assumed that and are, respectively, meaningful measures 
of the R-0 and R-R interaction energies. Analogous to equation (1.20), the proba­
bility of finding a refrigerant molecule compared to finding an oil molecule about a 
central oil molecule is given by 
•^RO ^ ' ' ^ R ^ ' M - ( ^ r o / R T ) ]  
'^00 
Using the definitions embodied in equations (1.20) and (1.21), Wilson empirically 
redefined the volume fractions of the Flory-Huggins equation into what he termed 
the local volume fractions. 
- . = ^ r ^ R ^ ^ p H ^ R R / R T ) ]  
X R V R e x p [ - { e R R / R T ) ]  + X Q V Q e x p [ - ( e j i Q / R T ) ]  
If we define 
^RO = :^ezp[-(e^Q - e^^)/i?r] (1.2.3) 
and 
=  - ^ ^ ^ P l - i ^ R O  -  ^ 0 0 ( 1 - 2 4 )  
and substitute local volume fractions and for and 62 in equation (1.19), 
with W  -  0.0, we obtain the Wilson equation for the excess Gibbs energy of a 
refrigerant/oil mixture. 
gez 
— = -^Rln{xji + A^QZQ) - XQln(AQjixji + X Q ) (1.2.5) 
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By using the basic relation between the activity coefficient and excess Gibbs free 
energy, equation (1.10), f can be written as 
+ + + "^0%) (1.26) 
Modified Wilson equation We return to the Flory-Huggins equation (1.19) 
and retain the interaction parameter W .  Assuming m 3>1 and replacing W m  by W, 
we obtain from Wilson's local composition model 
ger 
— = - x ^ l n { x ^  +  i \ ^ Q X Q ) - X Q l n { L \ o R X R ^ ^ o )  
and 




[ W I R T ) x f .  r  
—2—2— [(=0 - ^ r ) Z R Z Q  + ^ R X Q ^ R i ^ ' ^ O R  -
+XRXoZo{l - ^ Ro)\ (1-28) 
^ R  =  ^ R  +  ^ ^ R O ^ O  (1-29) 
Z Q - ^ X Q  +  A o r ^ R  (1-30) 
The application of this more general approach to the Flory-Huggins equation 
{W ^ 0) has not, to our knowledge, been considered in the literature. 
NRTL (Nonrandom-two liquid) equation The basis for the derivation of 
the NRTL equation for excess Gibbs energy is the two-cell theory of Scott (1956). In 
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this model it is assumed that the liquid has a structure made up of cells of molecules 
of types R and O in a binary mixture, each surrounded by an assortment of the same 
molecules, with each of the surrounding molecules surrounded in a similar manner, 
and so on. Contributions to the Gibbs energies from binary interactions between 
molecules are identified by g^y, where subscript j refers to the central molecule, and 
mole fractions in the surrounding regions, Xj^-, are identified in the same way. Gibbs 
energies for the two kinds of cells are 
9 ^  ^  ^ R R 9 R R  +  " ^ O R S O R  
9 ^  =  ^ R 0 9 R 0  + ^ 0 0 9 0 0  32) 
where gjiji and gQQ are the Gibbs energies of the pure substances, and the assump­
tion is made that ERO~^OR' excess Gibbs energy of the assemblage of cells 
becomes 
gez 
^ = ^ R ^ 0 R ( 9 0 R -  9 R R )  +  - ' ^ O ^ R O i d R O  - 9 0 0 )  33) 
The local mole fractions, x^, are given by equations similar to Wilson's equations 
(1.20), and (1.21) 
^ O R  ^  •'t'Oe;cp[-(agQj^/fiT)] 
""RR •^/?e.Tp[-(aff^^//2T)] 
I R O  _  X R e x p [ - { a g j i o l R T ) ]  ^  
^ 0 0  3;Qea;p[-(agQQ/AT)] 
where a is a constant that is assumed to be characteristic of the nonrandomness of 
the mixture, it is zero when the molecules are uniformly distributed. Since 
and 
^ R 0 ' ^ ^ 0 0 ~ ^  (l-^") 
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the local mole fractions are found to be 
_ x j i e x p [ - { a [ g i ^ Q  - g Q Q ) I R T ) ]  
X Q  +  X  J I E X P [ - { A { G ^ Q  -  Ç Q Q  ) / R T ) ]  
^  x o e x p { - i a { g Q j i - g j i j i ) / R T ) ]  
X J I  +  X O E X P [ - { A { G O J I - G R R ) / R T ) ]  
When these are substituted into equation (1.33), the final equation for the excess 
Gibbs energy becomes 
911 - _L ^RO^^RO 
. ^ R  + ^O ' ^ ' O R  ^ 0  + ^R ^ ^ R O .  
(1.40) 
rRO = „,41, 
^OR = (I-'»:) 
'^RO = ezp(-aT^Q) (1.43) 
^OR = e.Tp(-QT^^) (1.44) 
The activity coefficient of the refrigerant is obtained by differentiation as 
UNIFAC method Estimation of thermodynamic properties of liquid mixtures 
from group contributions was first suggested by Langmuir (192.5). This suggestion, 
however, received little attention until Derr and co-workers (1959) used group contri­
butions to correlate heat of mixing, followed by Wilson and Deal ( li)()2) who devel­
oped the solution-of-groups method for activity coefficients. The 1'XIF.A.C method 
is based on these ideas. The basic aim of the solution-of-groups met hod is to utilize 
existing phase equilibrium data for predicting phase equilibria of systems for which 
no data are available. 
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Following Wilson and Deal (1962), the fundamental assumptions of the solution-
of-groups methods are: 
Assumption 1. The logarithm of the activity coefficient is assumed to be the sum 
of two contributions: a combinatorial part, essentially due to differences in size and 
shape of the molecules in the mixture, and a residual part, essentially due to energy 
interactions. 
For molecule i  in any solution: 
In 7^- — In 7p + In 7^ (1.46) 
The distinction between the two kinds of contributions to In 7^ is necessary, since the 
liquid phase nonidealities caused by size and shape effects cannot be associated with 
group energetic interactions. 
Assumption 2. The contribution from the residual part is assumed to be the sum 
of the individual contributions of each solute group in the solution minus the sum of 
the individual contributions in the pure-component environment. 
kif = (1.47) 
k  
k  —  l,2,...,iV, where N  is the number of different groups in the mixture. 
rj;. is the residual activity coefficient of group k  in a solution; ^ is the residual 
activity coefficient of group k  in the reference solution containing only molecules of 
( i ) • 
type i; and is the number of groups of kind k  in molecule i .  In equation (1.47) 
the term In ^ is necessary to obtain the normalization that activity coefficient 
7j becomes unity as — 1. The standard state for the group residual activity 
coefficient need not be defined due to cancellation of terms. 
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Assumption 3. The individual group contributions in any environment containing 
groups of kinds 1,2,...,N are assumed to be only a function of group concentrations 
and temperatures: 
(i) = (1.48) 




i  = 1,2,M (number of components) 
j  —  1,2,A'" (number of groups) 
To formulate a specific group-contribution method for prediction of activity co­
efficients, one needs to specify: 
(1) The equation used to calculate In 
( ^ ) (2) The equation used to calculate and F^ 
(3) The definition of functional groups used to "build" the molecules ("group 
assignments"). 
In the UNIFAC method, the combinatorial activity coefficients are calculated 
using the potential known as Staverman's potential in exactly the same manner as 
that used by Abrams and Prausnitz (197-5) in the UNIQUAC model. 
Combinatorial activity coefficients for component i 




- 1); - = 10 (1.51) 
the molecular surface area fraction, 0,-, is 
the molecular volume fraction, is 
(1.53) 
and the van der Waals volume, r^, is 
= (1-54) 
k  
and the van der Waals surface area, is 
(1-55) 
k  
j  =  1, 2 , . . . ,  M number of components 
k  = 1, 2,..., N  number of groups 
Rj^ and Qj^ are the constants representing the group sizes and surface areas, and z 
is an estimate of the nearest neighbour coordination number. 
Residual activity coefficient for group k 
= Qki^ - ME " E ^ 1 (1 56) 
m , n  = 1,2,.... A^(all groups). Equation (1.56) also holds for 
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Group surface area fraction Qm , group fraction Xm , and the parameter ^nm 
are given by 
0m = (1.S-) 
L i  U  n  
Xm - ^ pf-, (1.58) (i) ' 
and 
^nm = ^^v{—(inm/T), (1.59) 
respectively, where j = 1,2, and n  = 1,2, 
Equation (1.59) contains the group-interaction parameter, aunii ^ measure of 
the difference in the energy of interaction between a group "n" and a group "m". 
These a^m 's have to be estimated from experimental data. 
Thermodynamic Perturbation Theory 
One of the most useful concepts provided by the modern theory of liquids is 
that the average pair distribution of molecules in a homogeneous fluid is primarily 
determined by repulsive atomic interactions (Weeks et al., 1971). Thermodynamic 
perturbation theory (otherwise known as the A-expansion) exploits this to avoid a 
detailed account of the true fluid structure. The atomic distribution at the pair 
density level in a system composed of particles with only repulsive pair interactions is 
referred to as a reference fluid structure. An approximation for cohesive contributions 
to thermodynamic properties is obtained by summing the electrostatic interactions 
over this reference structure. 
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Zwanzig (1954) wrote the intermolecular potential as the sum of the hard-sphere 
potential (repulsive part) and a perturbation potential (attractive part) in the form 
u{rij-,X) = u'^irij) + Xv{rij,wi,wj) (1.60) 
with the perturbation parameter 0 < A < 1. When A — 0, we recover the reference 
system (since u= w°)  and when A =  1,  we have the ful l  system (i .e . ,  u— + v ).  
The configurational partition function for perturbations which have axial symmetry 
is 
) + A{,(r-j. )!] (1.61) 
Since the Helmholtz free energy is related to Q/y(A) by .4(A) = -kj^T\nQj\^{\), 
we can expand .4(A) in terms of A in a Taylor series about A = 0 ; 
where f 3  =  l / k j ^ T ,  is the Boltzmann constant, and is the free energy of the 
reference fluid. 
This equation may also be written as 




For simplicity in introducing the concepts involved, a single-component system 
is first considered. The derivatives of the equation (1.62) lead to 
/ 3 A 2  =  — J  d r i  j  d r 2 9 ' ^ { r i 2 )  <  >  
I < i'(12)%'(13) > (1.6.5) 
and 
l3A^ = J dri J dr72g°(ri2) < r^(12) > 
/ j dr2 j drg 6 
g°(ri2,ri3,r23) < t;(12)%'(13)r(23) > 
+ / ^^2 / ^^3 
g°(ri2,ri3'^23) < f^(12)f(23) > 
j dri J dr2 j ^^3 / (^4 6 
o  9  (^12'^13'^14'^23'^24'^.34) < i'(12)i;(13)i'(14) > 
+ J dri J dr2 / *3 j «^4 (1 66) 
12,r13,7-14,7-23,7-24,^"34) < i'(12)x'(23)r(34) > 
where the free energy, .4^, and structure, ^^(^12), of the reference system are known, 
and jSA-^ = 0, as shown below. The angular brackets denote integration over orien­
tations. 
< /(I,-,») >= d^i  d{cosQi) . . .  d^n d{cosQn )/(l,...,r?) 
(1.67) 
For systems of interest here the perturbing part of the pair interaction potential 
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can be written as 
t'(12) = t7i;i(12) + 1)^,0(12) + i'0^J12) + V00(12) (1.68) 
where the perturbation potentials are dipole-dipole, dipole-quadrupole, i'^,0, 
q u a d r u p o l e - d i p o l e ,  a n d  q u a d r u p o l e - q u a d r u p o l e ,  V Q Q .  
In order to carry out the angular averages given by equation (1.67), it is conve­
nient to express these in terms of spherical harmonic expansions. Here the potential 
of interaction between molecules 1 and 2 is expressed in the intermolecular frame 
which is oriented such that the polar axis, k, lies along rj^2- Thus, the perturbing 
pair potential is given by the following expression 
"(12) = E Z 
where + ^2' 
4. = 
'  h h  2 1  +  1  
and are the multipole moments, C'(/]^/2^; "'1^2'") ^ Clebsch-Gordon co­
efficient, and 1]^ is a spherical harmonic, whose arguments are the angles specifying 
the orientation of the symmetry axes of the fcth molecule, lUf,, and the intermolecular 
vector, Each term [l\l2) in equation (1.69) corresponds to a different terra in 
the perturbation potential (1.68). For dipoles, / = 1 and for quadrupoles I = 2. From 
equation (1.69), 
(47r)3(2Z+l)! 




C { n 2 \ m i m 2 m )  
r\2 mi 772277% 
X  ^1777 1 («'I )^ l7772 (^ 2 )^ '2m( 1^2 ) ( 1-"1 ) 
V f i / . t { l ' 2 )  =  . ^ 1 1 — Ô  
m m
f,i0(12) = Ai2 I] C( 123; 777 2^2'^: 
^22 77727712777 
and 
X 777 1 (^ 1 )^2777-2 ( 2 )^•?77? (^ 12 ) 
''0/7(12) == -421^^1 Y .  C ( 2 1 Z ; m i m 2 m )  
7*12 7771777 2777 
' 2777 l(^^l) ^  1777 2 ( (^'2 ) ^ ^777 ("'12) (l'^^) 
"00(12) = .422 '^2'?2 C'(224; 7721 777 2777 ) 
r 12 
X ) 2777^(^^1 )^m2("^2)%(^12 ) ( l-"4) 
Angular integrations (1.67) of the products of the perturbation potentials, in the 
form of equation (1.69) can be performed analytically. The angular integrals vanish 
for any products of spherical harmonics; in a common orientational vector, w, 
for which the sum of the principal indices, /, is odd (Ras ai ah et al., 197-5). Therefore, 
the first-order term Aj = 0. Having shown that the first-order term — 0, the first 
correction term is the A2 term. 
All of the non-vanishing angular integrals required here have been evaluated by 
Rasaiah and Stall (1974). As an illustration of these angular integrations we consider 
^ ^'^/7(12) >• 
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From equation (l.Tl) 
<  >  =  A i i ^  XI Y 1  C ( l l 2 \ m i m 2 m ) C { l V 2 \ m - ^ m 2 m  )  
TY2, Tnim2m / f / 
m2^m2m 





Denoting —in by m and using 
f  d u ' i Y i j n J w i ) } ^  /  ( l u i )  =  ( - l ) ^ i s  / (1.77) 
•' ^ Im^ 
/ ^  '^2^17719(^2)^'^ / (^2) = f (1.78) 
•J ^ lm2 m 2 7^2 
<>'»(12)> = 4, E (-iri+™2C'(U2;mim2m) 
(477) rj^2 m277?2m 
X C'( 112;^^m)y^(wi2)}^(wi2) ( l-"9 ) 
Since the free energy is invariant to the choice made for the orientation of the space-
fixed coordinate system we can let 
IU12 = (0,(pi2) (1.80) 
Then 
^2772(^12) - (1-81) 
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so, 
9 0 \ ^ C'(112;mim.20)C'(112;mim20Xl.82) 
(47r)-^ry2 
The Glebsch-Gordan coefficients have the property that 
C'(112; 7rî2m20)C'(112; 77?]^ 1772 0) = 1 (1.83) 
so that 
<'vl-(")> = .4?!^ (1.84, 
The terms An and are 
and 
so that 
Q l = H ^  ( 1 . 8 6 )  
2 ^ 
< 1,2^(12) >=^ (1.8T) 
^^12 
and the dipole-dipole contribution to jSAjN (equation (1.6-5)), at order A", becomes 
Here the strength parameter y has been introduced 
y — —jSpi.P' (1.89) 
and 
= ,0 • ^ n = L  à v r ^  " g o ( r )  ( 1 . 9 0 )  
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Other angular integrations are similarly performed. The remaining integrals 
over translational coordinates of the products of these angle averages with three-
body correlation functions, which we denote as 7^^^, are 
4- 3 cos «2 cos «2 cos a:3]/r^2^13^32 (1-91) 
— /'^^gQ(123 ) [9 cos ag - 25 cos 3ag -h 6(3 -f 5 cos 2ag ) 
X cos(ai - a2)i/r^2^13^& (1-92) 
Ij^iQQ = /''^5o(123) [3(cos -I-5 cos 3qi )-I-20(1 - 3 cos 2a]^ ) 
X cos (a2 — 03) -)- 70 cos 2(a2 - ag) cos aj] /^32^13^12 ( 1-93) 
/000 = /''^5'q(123) [—27 -t- 220 cos cos a2 cos 03 
-f490 cos 2a\ cos 2a2 cos 2a3 4- 175 cos 2(a]^ - «2 ) 
+ cos 2(q2 - 0:3) -t- cos 2(03 — o-i )] /^32^13^12 (1.94) 
where 
^ ^  j ^^ 2 / ^^3- (1-9-5) 
In equations (1.91) through (1.94) is the angle at the z'-th vertex of a triangle 
formed by the three intermolecular vectors along ryii ^105 (ind 7-32. 
The final result for a one-component system of N multipolar molecules is 
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N 8Trp 8Trp Srp 
225ff-Vl5 I 135yg^Ji3 
1967r2/)2 '28T'^P'^ 
' ^ T y ^ I f x n i i  ^ H ^ I q q q  ^ ^ p p Q  
lÔTrp 2048%/) 256%/) 
where the quadrupolar strength parameter, H, is defined 
H^^,3pe^ (1.97) 
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It is convenient to introduce a molecular length scale, a. When the molecular 
shape is spherical, or may be regarded in terms of an effective spherical volume, then 
cr is the sphere diameter. Since a central assertion of thermodynamic perturbation 
theory is the dominance of the repulsive part of the intermolecular potential, the 
effective diameter, cr, becomes a key parameter to which we will return. In terms 
of cr a reduced dipole moment = n'^/cr^k^T and a reduced quadrupole 0*^ = 
/a^kj^T are defined. Higher order multipoles in the systems of interest here are 
negligible. The thermodynamic state is defined by the temperature, T, and reduced 
density, p — Na^ jV. 
Numerical evaluation of the coefficients in equation (1.62) beyond O(A^) is dif­
ficult, and in application to molecular models with realistically strong perturbative 
interactions, the series converges slowly. However, a Fade approximant can be used 
to extrapolate higher order terms in this alternating series (Rushbrooke et al., 1973). 
As a result, the free energy is reduced to a simple polynomial in density and inverse 
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temperature which accurately predicts the free energy, and its density and tempera­
ture derivatives, of point multipolar atoms. The Fade is 
A = Aq H ^ (1.98) 
The development of the A-expansion has been based upon a comparison of the pre­
dictions of this theory for simple polar fluid models, such as spheres with embedded 
multipoles, with the exact results for these models obtained by Monte Carlo and 
molecular dynamics computer simulations. For these simple models the extrapolation 
procedure applied here provides very accurate representations of the thermodynamic 
properties of a wide range of low molecular weight polar fluids (Gubbins and Twu, 
1978). 
When the reference system is taken to be the hard-sphere fluid, values of I  and 
J integrals depend only on density. These values have been fitted, using the hard-
sphere radial distribution function in the Percus-Yevick approximation (1963), to 
polynomials of the form 
4/57 = E (i-w) 
2 = 0 
with a similar expression for the Jn- The leading coefficients for each integral can be 
evaluated analytically from the low-density limit where gQ{r) = 1 îov r > a. Values 
at non-zero densities were obtained by numerical integration. 
Because hard spheres have no liquid-vapor phase equilibrium, and the problem 
with which we are concerned is primarily the representation of phase equilibrium, 
an alternative reference system may be required. Thus we have used Lennard-Jones 
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potentials 
= (1.100)  
r  T  
where r  is the intermolecular distance, a  is the collision diameter (where u ^ [ r )  =  
0), and -e is the energy of the isolated molecule pair (relative to infinite separation) 
at its equilibrium distance, r = 2^/®cr. In this case the Jn and depend upon 
both temperature and density. Nicolas (1978) evaluated these integrals and fit to an 
equation of the form 
J  —  | c ' 2  +  — + - ^  +  6 ' 4 e x p ( — 0 . 2 ) ^ T ' ^  + / ) C ' 5 e x p ( - 0 . 2 ) " r ' ^  
V1^ + ^ + C8«p(-0.2)2T21 
+/tC'g + ^  + ^ + f'l2exp(-0.2)2r2]| (1.101) 
Pressure expression Because of the simplicity of the A-expansion, the pressure 
can be written explicitly. The density derivative of the Helmholtz free energy gives 
the pressure in the form 
^ ,1.102, 
P Op ^ p 
where j3lS.A = !3A — j3A°. The derivative is taken on the Pade' form of the free energy 
expansion. For the pressure of the reference fluid one can use the equation of state 
for hard spheres due to Carnahan and Starling (1969), where the reference potential 
is a hard-sphere fluid, and the empirical equation of state developed by Nicolas et al. 
(1979) for a Lennard-Jones reference. We note that the equation can be applied to 
both liquid and vapor phases and that there is no need for an intermediate evaluation 
of activity coefficient. 
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Application to Refrigerant Mixtures 
Returning first to activity based methods, our objective is to obtain the simplest 
possible representation of the activity coefficient without sacrificing accuracy. We 
found it is possible to achieve this by assuming dominant R-0 type interactions, 
^RO ^ ^ 00- This leads to 
= ® (1.103) 
in equations (1.26) and (1.28). Or, in terms of the NRTL theory, 
- 0 (1.104) 
in equation (1.45). 
Then the Wilson equation becomes 
I n - f  p  =  —  l n ( x  p  +  A x r ) )  (1.105) 
^ + AX Q  ^  ^  
The Modified Wilson equation becomes 
W I R T  ' )  
+ [(^0 - ^ b)^R^O - 1 - A)] (1.106) 
^ R  
where 
^^-^RO (1.107) 
and the NRTL equation becomes 
and 




T = Tfio (1.110) 
We have obtained the parameters in activity equations by minimizing the pres­
sure objective function. 
k  
where the sum is taken over all available data. This method is not restricted to fixed 
temperature or composition. For the minimization of the pressure objective function 
we used Powell's method (Thompson, 1983). 
We have calculated the relative error which is defined as 
P p x v l  ~  
= -) (1.113) 
e x p l  
CHAPTER 2. RESULTS AND DISCUSSION 
We consider three refrigerant/lubricant mixtures. The first of these is a mixture 
consisting of dichlorodiflouromethane (R12), alkylbenzene (SUS300), and poly-alpha 
olefin (PAO SHC2.34). The lubricant is composed of 85 % SUS 300(volume fraction) 
and 15 % SHC234. The second is a mixture of tetraflouroethane (R134a) and a 
polymeric ester (SR484). The third is a mixture of diflourochloromethane (R22) 
and alkylbenzene (SUS150). Molecular weights of the lubricants SUS300, SUS150, 
SHC234 and SR484 are 297., 300., 1739., and 650., respectively. A mole-fraction-
averaged molecular weight of 340.26 for the lubricant used in the first mixture is 
calculated by assuming that volume fractions of the components in this lubricant are 
equal to their mass fractions because of their similar densities. With this assumption 
the lubricant is 97% SUS3G0 by mole fraction. The lubricants studied are not well 
characterized. The specific chemical structure of the ester could not be provided by 
the Sponsors of this project. The alkylbenzenes are in commercial use and consist of 
a distribution of chain lengths in the alkyl group. The molecular weights which are 




To evaluate the accuracy of the approximate temperature dependence given by 
any of the particular correlation methods based on activity coefficients to be exam­
ined, vapor phase nonideality (c^ = C]^C2) must be considered. Instead of using the 
ideal gas equation of state for the refrigerant vapors, i.e., cj = 1.0 , we used a Martin-
Hou type equation of state and calculated at each state point. We have calculated 
the correction factor (0-2) for the effect of pressure on fugacity. These individual 
correction factors and their combinations (cj^) for the refrigerants R12, R134a, and 
R22 are displayed in Tables 2.1, 2.2, and 2.3, respectively. There the weight fraction 
of refrigerant is denoted by wj^. As seen from these tables, the correction factor, c^, 
is significant, especially for low concentrations and high temperatures. 
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Table 2.1: Fugacity correction factors for R12 
T(OF) 
^E12 ^ex-pl ci ^2 ""R 
219.10 0.099 642 0.726 0.876 0.636 
201.05 0.100 566 0.753 0.905 0.681 
182.32 0.101 495 0.780 0.925 0.722 
163.88 0.102 447 0.807 0.942 0.760 
144.78 0.103 391 0.833 0.955 0.796 
127.18 0.105 313 0.852 0.964 0.821 
107.64 0.106 270 0.876 0.973 0.852 
221.98 0.192 1223 0.760 0.893 0.679 
202.00 0.194 1055 0.790 0.922 0.728 
182.27 0.196 901 0.817 0.940 0.768 
163.36 0.199 765 0.841 0.954 0.802 
144.11 0.201 641 0.864 0.964 0.833 
126.02 0.202 557 0.886 0.973 0.863 
107.82 0.204 449 0.903 0.979 0.884 
222.47 0.344 2024 0.821 0.926 0.760 
202.87 0.346 1725 0.847 0.946 0.802 
182.83 0.348 1446 0.870 0.960 0.836 
161.64 0.350 1181 0.892 0.971 0.866 
143.56 0.352 981 0.908 0.977 0.888 
119.44 0.354 749 0.927 0.984 0.912 
218.07 0.493 2592 0.887 0.958 0.850 
179.05 0.495 1805 0.922 0.978 0.901 
160.89 0.496 1490 0.933 0.983 0.917 
142.19 0.498 1215 0.945 0.987 0.932 
124.93 0.499 990 0.953 0.990 0.943 
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Table 2.2: Fugacity correction factors for R134a 
T(°F) 
^^A134a ^exvl Cl C2 CE 
100.94 0.108 349 0.784 0.979 0.767 
114.26 0.106 412 0.760 0.974 0.740 
131.18 0.104 493 0.728 0.966 0.703 
149.90 0.102 605 0.696 0.955 0.665 
167.72 0.100 708 0.664 0.941 0.624 
185.36 0.098 820 0.632 0.922 0.583 
185.54 0.098 821 0.632 0.922 0.583 
201.74 0.096 931 0.604 0.895 0.540 
208.40 0.176 1711 0.694 0.907 0.629 
190.22 0.180 1473 0.724 0.938 0.679 
172.76 0.183 1267 0.752 0.955 0.718 
154.94 0.187 1069 0.780 0.966 0.754 
1.39.10 0.190 913 0.806 0.974 0.785 
119.66 0.193 730 0.8.34 0.981 0.818 
102.20 0.196 586 0.858 0.986 0.846 
101.84 0.196 582 0.858 0.986 0.846 
202.28 0.297 2460 0.829 0.954 0.791 
186.08 0.302 2110 0.849 0.968 0.821 
169.52 0.306 1789 0.868 0.977 0.848 
153.50 0.310 1509 0.885 0.983 0.870 
137.30 0.313 1254 0.901 0.9X7 0.890 
119.84 0.317 1014 0.918 0.91)1 0.910 
108.68 0.318 880 0.929 0.9!)3 0.922 
202.82 0.440 3181 0.937 0.9X3 0.921 
186.44 0.443 2671 0.946 0.9XX 0.935 
170.24 0.446 2230 0.954 0.9112 0.946 
153.86 0.448 1849 0.962 0.9!M 0.957 
137.48 0.450 1515 0.970 0.9116 0.966 
120.38 0.452 1220 0.979 0.9IIX 0.976 
105.98 0.453 1007 0.986 0.9!)!) 0.984 
105.26 0.453 996 0.986 0.9!)!) 0.984 
94.28 0.454 859 0.993 0.9!)!» 0.992 
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Table 2.3; Fugacity correction factors for R22 
T(OF) 
^A22 ^exj}l Cl C2 
152.06 0.089 628 0.791 0.935 0.740 
1.52.60 0.089 632 0.790 0.935 0.739 
186.80 0.087 806 0.735 0.892 0.656 
203.90 0.085 975 0.707 0.842 0.595 
196.16 0.086 905 0.721 0.874 0.630 
173.48 0.087 778 0.760 0.914 0.694 
171..50 0.087 757 0.763 0.916 0.698 
146.66 0.089 626 0.801 0.941 0.754 
145.04 0.089 620 0.803 0.942 0.757 
143.24 0.089 603 0.805 0.943 0.760 
127.94 0.199 1048 0.877 0.969 0.850 
128.30 0.199 1055 0.877 0.969 0.850 
151.34 0.197 1310 0.848 0.9.56 0.811 
194.00 0.193 1890 0.784 0.911 0.715 
194.18 0.193 1892 0.784 0.911 0.714 
194.36 0.193 1892 0.784 0.911 0.714 
194.18 0.193 1892 0.784 0.911 0.714 
179.06 0.194 1751 0.814 0.935 0.761 
178.34 0.195 1670 0.810 0.933 0.756 
177,08 0.195 1656 0.812 0.9.35 0.759 
1.59.62 0.196 1455 0.840 0.951 0.799 
1.53.50 0.197 1.349 0.846 0.9.55 0.808 
153.32 0.197 1347 0.846 0.955 0.808 
95.54 0.327 964 0.942 0.988 0.931 
110.84 0.324 1145 0.928 0.984 0.914 
127.40 0.320 1418 0.918 0.980 0.900 
167..54 0.310 2098 0.874 0.961 0.840 
182.30 0.306 2372 0.852 0.949 0.809 
202.64 0.299 2839 0.822 0.919 0.755 
194.36 0.302 2657 0.836 0.936 0.783 
194.36 0.302 2658 0.836 0.936 0.783 
183.02 0.305 2429 0.854 0.950 0.812 
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Table 2.3 (Continued) 
T(°F) ^expl (kPa) <^2 
'R 
167.90 0.309 2134 0.876 0.962 0.842 
167.90 0.309 2133 0.876 0.962 0.842 
146.48 0.315 1747 0.901 0.974 0.878 
146.48 0.315 1746 0.901 0.974 0.878 
127.94 0.319 1446 0.920 0.981 0.902 
127.94 0.319 1446 0.920 0.981 0.902 
96.26 0.419 1147 0.966 0.993 0.959 
105.08 0.418 1276 0.960 0.992 0.952 
106.88 0.418 1311 0.960 0.992 0.952 
145.04 0.412 2009 0.933 0.983 0.917 
161.06 0.409 2.367 0.919 0.977 0.898 
190.04 . 0.403 3126 0.888 0.961 0.853 
179.42 0.406 2817 0.899 0.968 0.870 
174.56 0.407 2711 0.906 0.971 0.880 
165.92 0.409 2485 0.914 0.975 0.892 
140.36 0.413 1898 0.935 0.984 0.920 
139.64 0.413 1886 0.936 0.984 0.921 
136.94 0.414 1846 0.940 0.985 0.926 
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Local Composition Models 
The activity coefRcient methods, Margules, Wilson, NRTL, and modified Wil­
son, predict definite functional dependence on temperature and composition. The 
value of these approaches depend upon the validity of these predicted functional 
dependencies. However, we have found that it is necessary to supplement the tem­
perature dependence with additional terms described here. We have parameterized 
the temperature dependence in the Wilson, NRTL and modified Wilson equations as 
simple polynomials. The temperature dependence of equations (1.105), (1.106) and 
(1.108) comes from the A, W and G expressions which are given below. 
^RO = + .42 T] (2.1) 
W Wn 
^ - ^  +  W i  +  W 2 T  ( 2 . 2 )  
We have used alternative temperature expansions for G in the NRTL approach : a 
two-parameter form 
G  =  A + B I T  (2.3) 
and a three-parameter form 
G ^ A-i-BT + CT'^ (2.4) 
A comparison of our correlations with the experimental data upon which they 
are based is provided in Tables 2.4, 2.10 and 2.16 and Figures 2.1 through 2.12. The 
relative errors at each experimental state point and the overall standard deviations for 
these activity coefficient methods are displayed in Tables 2.5, 2.11, and 2.17 in which 
non-idealities are neglected (c^ — 1). These tables show that the modified Wilson 
46 
provides the most accurate representation for all refrigerant/lubricant mixtures. The 
superiority of this approach may be a consequence of the fact that, unlike the Wilson 
equation, it contains the Flory-Huggins interaction parameter W which leads to a 
non-Boltzmann temperature dependence. Although the Wilson, NRTL, and Margules 
equations are among the most commonly used correlation methods in the literature 
for various types of mixtures, the quality of the representation is greatly inferior to 
our modified Wilson, particularly for R1.34a/SR484. It should be noted that the 
number of free parameters contained in our modified Wilson is six, which is equal to 
the number of parameters required for modest success in the Margules approach, but 
greater than the number required for the Wilson or NRTL methods. However, the 
addition of higher order terms in the representation of the temperature dependence 
in the NRTL form does not significantly improve the accuracy of that method. This 
may be seen by comparison of columns and eg, and 65 and ej in Tables 2..5, 2.11, 
and 2.17. These observations, however, may depend upon our neglect of non-ideality. 
In order to make a fair assessment of these methods non-ideality must be taken into 
account. The activity coefficients are tabulated in Tables 2.6, 2.12, and 2.18. 
In the following, activity coefficients and system pressures with Wilson, Mar­
gules, and modified Wilson equations are calculated by including the correction fac­
tor (cjr^) in equation (1.1). Similar efforts to incorporate non-ideality in the NRTL 
were unsuccessful. We believe this failure to be a consequence of the exponentially 
non-linear form and, hence, extreme sensitivity of the NRTL expression referred to 
earlier. Tables 2.7, 2.13, and 2.19 display the pressures obtained using the other 
models. The corresponding activity coefficients are given in Tables 2.9, 2.1.5, and 
2.21. 
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For the R12/SUS300+PAO SHC system, consideration of vapor phase non-
idealities and temperature dependence, significantly improved the quality of the Wil­
son method, as can be seen by comparison 62 in Tables 2.5 and 2.8. On the other 
hand, neglect of these effects appear to have provided, possibly through a cancella­
tion error, an improvement in the Margules approach. The standard deviation for 
the modified Wilson method is roughly factors of 2 and 3 smaller than the Wilson 
and Margules methods, respectively. 
For the R134a/SR484 system the introduction of these non-idealities improved 
each of the methods. The modified Wilson equation gave deviations smaller than 
one percent overall, and at no state did the relative error exceed 2.1%. By contrast, 
the Margules and Wilson methods produced relative errors at several states in the 
neighborhood of 7.5%. As with the R12 system, the incorporation of non-idealities 
diminished for the R22 system the quality of the Margules method and improved the 
Wilson and modified Wilson approaches. Again our modified Wilson equation was 
superior to the others considered. In terms of design reliability, one may be concerned 
with two measures of uncertainty in addition to those which have been considered 
above: maximum error and bias. There do not appear to be any systematic biases in 
the correlations other than in the Margules method, which underestimates pressure at 
the lowest concentration states for each of the system and the NRTL which is biased 
toward underestimation of the pressure at higher concentrations. With reference to 
Tables 2.8, 2.14, and 2.20, the modified Wilson gives a maximum error typically half 
that of the other methods. The maximum error from each approach occurs at lower 
concentrations of refrigerant. 
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Figure 2.1: Experimental and correlated pressures of R12/SUS300-PAO SHC234 
mixtures. Modified Wilson ( ), Margules ( ), Wilson 
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Figure 2.2: Experimental and correlated pressures of R12/SI S300-PAO SHC234 
mixtures. Modified Wilson ( ), Margules ( ), Wilson 
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Figure 2.3: Experimental and correlated pressures of R12/SUS300-
mixtures. Modified Wilson ( ), Margules (•'••• 
( .— )• NRTL-3 ( ) ; ( u'^22 ~ 0.349 and -
PAO SHC234 
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Figure 2.4: Experimental and correlated pressures of R12/SUS300-PAO SHC234 
mixtures. Modified Wilson ( ), Margules ( ), Wilson 




100 120 140 160 180 200 
Temperature, °F 
Figure 2.5: Experimental and correlated pressures of Rl.34a/ SR484 mixtures. Mod­
ified Wilson ( ). Margules ( ), Wilson ( ), .\RTL-3 













100 120 140 160 180 200 
Temperature, °F 
Figure 2.6: Experimental and correlated pressures of Rl34a/SR484 mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ), NRTL-3 








Figure 2.7: Experimental and correlated pressures of Rl.34a/ SR484 mixtures. Mod­
ified Wilson ( ). Margules ( ), Wilson ( ). .\RTL-3 
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Figure 2.8: Experimental and correlated pressures of R134a/SR484 mixtures. Mod­
ified Wilson ( ). Margules ( ), Wilson ( ). NRTL-3 










180 200 160 
Temperature, °F 
Figure 2.9: Experimental and correlated pressures of R22/SUS1Ô0 mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ). NRTL-.3 
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Figure 2.10: Experimental and correlated pressures of R22/SUS150 mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ), N'RTL-3 
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Figure 2.11: Experimental and correlated pressures of R22/SUSloO mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ). NRTL-3 
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Figure 2.12: Experimental and correlated pressures of R22/SUS150 mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ), NRTL-3 
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Figure 2.13: Experimental and correlated pressures of R12/SUS300 —PAO SHC'234 
mixtures. Modified Wilson ( ), Margules ( ), Wilson 
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Figure 2.14: Experimental and correlated pressures of R12/SUS300—PAO SHC234 
mixtures. Modified Wilson ( ), Margules ( ), Wilson 
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Figure 2.15: Experimental and correlated pressures of R12/SUS300 —PAO SHC234 
mixtures. Modified Wilson ( ), Margules ( ), Wilson 
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Figure 2.16: Experimental and correlated pressures of R12/SUS300-PAO SHC234 
mixtures. Modified Wilson ( ), Margules ( ). Wilson 
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Figure 2.17: Experimental and correlated pressures of R134a/SR484 mixtures. 
Modified Wilson ( ), Margules ( ), Wilson ( ): 
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Figure 2.18: Experimental and correlated pressures of R1.34a SR484 mixtures. 
Modified Wilson ( ), Margules ( ). Wilson ( ); 
(''-'i2l34a = 0.188 and # I.O). 
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Figure 2.19: Experimental and correlated pressures of R134a/ SR484 mixtures. 
Modified Wilson ( ), Margules ( ), Wilson ( ); 
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Figure 2.20: Experimental and correlated pressures of R1.34a/ SR484 mixtures. 
Modified Wilson ( ). Margules ( ), Wilson ( ): 
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Figure 2.21: Experimental and correlated pressures of R22/SUS150 mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ): 
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Figure 2.22: Experimental and correlated pressures of R22/SI S150 mixtures. Mod­
ified Wilson ( ). Margules ( ), Wilson ( ): 
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Figure 2.23: Experimental and correlated pressures of R22/SUSloO mixtures. Mod­
ified Wilson ( ), Margules ( ). Wilson ( ); 
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Temperature, °F 
Figure 2.24: Experimental and correlated pressures of R22/SUS150 mixtures. Mod­
ified Wilson ( ), Margules ( ), Wilson ( ): 
("7Î22 ~ 0.412 and == 1.0). 
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Table 2.4: A comparison of experimental and correlated pressures in units of kPa 
at several temperatures and mass fractions of R12, (c^ = 1.0): Exper­
imental pressure, (Pexp/)' 6-parameter Margules equation, (P^); 3-pa-
rameter Wilson equation, (Pg); 6-parameter Modified Wilson equation, 
(P3) ;  2-parameter  NRTL,  q=0.2 ,  (P4) ;  2-parameter  NRTL,  a=0.5 ,  (P5) ;  
3-parameter  NRTL,  a=0.2 ,  (Pg) ;  3-parameter  NRTL,  a—0.5,  (P7) .  
T (Op) 
*#12 ^  expl  Pi P2 P3 P4 P5 P6 P7 
219.10 0.099 642 622 636 639 640 633 632 622 
201.05 0.100 566 550 555 560 575 569 578 573 
182.32 0.101 495 482 488 496 511 507 520 518 
163.88 0.102 447 418 425 435 451 449 459 459 
144.78 0.103 .391 359 362 375 394 393 397 398 
127.18 0.105 313 312 308 323 348 348 344 344 
107.64 0.106 270 261 247 264 297 298 284 284 
221.98 0.192 1223 1233 1221 1222 1243 1245 1231 1231 
202.00 0.194 1055 1073 1037 1041 1069 1068 1073 1072 
182.27 0.196 901 924 895 902 915 913 924 923 
163.36 0.199 765 792 770 778 782 780 790 790 
144.11 0.201 641 668 648 656 660 660 663 664 
126.02 0.202 557 559 538 546 557 558 553 553 
107.82 0.204 449 462 436 444 466 469 454 454 
222.47 0.344 2024 2045 2045 2043 2046 2055 2037 2046 
202.87 0.346 1725 1744 1718 1718 1715 1719 1717 1721 
182.83 0.348 1446 1463 1451 1451 1421 1421 1427 1428 
161.64 0.350 1181 1196 1198 1194 1153 1152 1158 1158 
143.56 0.352 981 994 1000 992 955 955 !)57 957 
119.44 0.354 749 759 764 751 T32 734 727 728 
218.07 0.493 2592 2528 2586 2582 2518 2525 2515 2522 
179.05 0.495 1805 1744 1800 1792 1706 1717 1710 1711 
160.89 0.496 1490 1444 1503 1490 1407 1407 1410 1410 
142.19 0.498 1215 1175 1230 1211 1142 1142 1143 1143 
124.93 0.499 990 959 1007 982 933 933 !)31 931 
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Table 2.5: Uncertainties, defined by equation (1.113), in pressure correlations, 
(c^ = 1.0): 6-parameter Margules equation, (e^ ); 3-parameter Wilson 
equation, (e2); 6-paranieter Modified Wilson equation, (eg); 2-parame-
ter NRTL, a=0.2, (e^); 2-paranieter NRTL, q=0.5, (eg); 3-parameter 
NRTL, a=0.2, (eg); 3-parameter NRTL, a—0.5, (ey). 
T ("F) w/i'12 fl eg f3 f4 «5 f6 f" 
219.10 0.099 3.00 0.87 0..50 0.30 1.39 1.55 3.05 
201.05 0.100 2.71 1.83 1.01 -1.61 -0.66 -2^8 -1.36 
182.32 0.101 2^8 1.25 -0.20 -3.35 -2.61 -5.12 -4.72 
163.88 0.102 6.36 4.91 2.60 -0.95 -0.48 -2J2 -2.69 
144.78 0.103 8.00 7.39 4.05 -0.90 -0.73 -1.65 -1.79 
127.18 0.105 0.07 1.59 -3.24 -11.27 -11.39 -10.01 -10.11 
107.64 0.106 3.09 8^6 -10.18 -10.57 -5.51 -5.31 
221.98 0.192 -0.85 0.10 -0.03 -L68 -1.85 -0.72 -0.69 
202.00 0.194 -1.73 1.69 1.29 -1.39 -1.32 -1.74 -1.64 
182.27 0.196 -2.66 0.59 -0.14 -1.59 -1.37 -2.61 -2.55 
163.36 0.199 -3.65 -0.70 -1.74 -2j# -2.05 -3^4 -3.36 
144.11 0.201 -4.25 -1.12 -2.43 -3.10 -3.00 -3.52 -3.61 
126.02 0.202 -0.51 3^8 1.91 -0.13 -0.30 0.67 0.55 
107.82 0.204 -3.07 2.69 1.07 -3.93 -4.57 -1.18 -1.28 
222.47 0.344 -1.07 -1.08 -0.95 -1.10 -1.57 -0.68 -1.11 
202.87 0.346 -1.11 0.40 0.39 0.55 0..34 0.42 0.23 
182.83 0.348 -1.21 -0.37 -0.34 1.69 1.67 1.26 1.20 
161.64 0.350 -1..35 -1.45 -1.15 2.35 2J2 1.91 1.89 
143.56 0.352 -1..34 -1.97 -1.21 2.58 &62 2.41 2^6 
119.44 0.354 -1.35 -2.02 -0.25 &22 1.98 2.86 2.75 
218.07 0.493 2.46 0.19 0.39 2.82 2.56 2.94 2j# 
179.05 0.495 3.37 0.26 0.71 5.43 5.41 5.24 5.21 
160.89 0.496 3.03 -0.92 -0.01 5.53 5.57 5.35 5.34 
142.19 0.498 3.27 -1.30 0.35 5.97 5.98 5.91 5jW 
124.93 0.499 3.11 -1.80 0.81 5.75 5.67 5.93 
Deviation .3.13 2jU 1.56 4.21 4.24 3jW 3.80 
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Table 2.6: Correlated activity coefficients obtained from the expressions described 
in the text, (c^ — 1.0): 6-parameter Margules equation, (71); 3-pa-
rameter Wilson equation, (72); 6-parameter Modified Wilson equation, 
(73); 2-parameter NRTL, a=0.2, (74); 2-parameter NRTL, a—0.-5, (75); 
.3-parameter NRTL, a—0.2, (75); 3-parameter NRTL, a=0..5, (77). 
T (°F) WR12 71 72 73 74 75 76 77 
219.10 0.099 0.736 0.752 0.7.56 0.757 0.748 0.747 0.736 
201.05 0.100 0.774 0.781 0.787 0.808 0.801 0.814 0.806 
182.32 0.101 0.818 0.829 0.842 0.868 0.861 OjW2 0.879 
163.88 0.102 0.835 0.879 0.900 0.9.33 0.929 0.950 0.949 
144.78 0.103 0.981 0.927 0.961 1.010 1.009 1.018 1.019 
127.18 0.105 0.979 0.964 1.013 1.091 1.092 1.079 1.080 
107.64 0.106 1.050 0.993 1.060 1.193 1.198 1.143 1.141 
221.98 0.192 0.835 0.827 0^88 0.842 0.843 0.834 0.834 
202.00 0.194 0.881 0.852 0.855 0.879 0.878 0.882 0.881 
182.27 0.196 0.928 0.899 0.905 0.918 0.917 0.928 0.927 
163.36 0.199 0.973 0.946 0.955 0.961 0.958 0.971 0.971 
144.11 0.201 1.019 0.989 1.001 1.008 1.007 1.012 1.013 
126.02 0.202 1.062 1.021 1.037 1.058 1.060 1.051 1.051 
107.82 . 0.204 1.105 1.043 1.061 1.114 1.121 1.085 1.086 
222.47 O..344 0.927 0.927 0.925 0.927 0.931 0.923 0.927 
202.87 0.346 0.959 0.945 0.945 0.944 0.946 0.945 0.947 
182.83 0.348 0.991 0.982 &,982 0.962 0.962 0.966 0.967 
161.64 0..350 1.021 1.022 1.019 0.984 0.983 0.988 0.989 
143.56 0..352 1.045 1.051 1.043 1.004 1.004 1.006 1.007 
119.44 O..3.54 1.073 1.080 1.061 1.035 1.0.38 1.028 1.030 
218.07 0.493 0.973 0.996 0.994 0.970 0.972 0.968 0.971 
179.05 0.495 1.006 1.0.39 1.035 0.985 0.985 0.987 0.987 
160.89 0.496 1.019 1.061 1.052 0.993 0.992 0.995 0.995 
142.19 0.498 1.031 1.080 1.063 1.003 1.003 1.003 1.004 
124.93 0.499 1.041 1.093 1.065 1.012 1.013 1.011 1.011 
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Table 2.7: A comparison of experimental and correlated pressures in units of kPa at 
several temperatures and mass fractions of R12, ^ 1.0): Experimen­
tal pressure, (Pg_-j.p/); 6-parameter Margules equation, (Pj); 3-parameter 
Wilson equation, (P2); 6-parameter Modified Wilson equation, (Pg). 
T (OP) w#12 ^  expl  Pi P2 P3 
219.10 0.099 642 588 647 641 
201.05 0.100 566 531 562 563 
182.32 0.101 495 470 490 496 
163.88 0.102 447 411 424 434 
144.78 0.103 391 354 361 374 
127.18 0.105 313 307 307 322 
107.64 0.106 270 257 251 267 
221.98 0.192 1223 1263 1229 1223 
202.00 0.194 1055 1099 1046 1047 
182.27 0.196 901 941 897 903 
163.36 0.199 765 801 767 775 
144.11 0.201 641 673 645 652 
126.02 0.202 557 566 541 .548 
107.82 0.204 449 468 444 449 
222.47 0.344 2024 2049 2031 20.34 
202.87 0.346 1725 1750 1722 1724 
182.83 0.348 1446 1465 1451 1451 
161.64 0..350 1181 1195 1194 1190 
143.56 0.352 981 . 992 997 989 
119.44 0.354 749 761 766 753 
218.07 0.493 2592 2474 2577 2586 
179.05 0.495 1805 1723 1802 1796 
160.89 0.496 1490 1428 1501 1488 
142.19 0.498 1215 1164 1229 1210 
124.93 0.499 990 953 1008 984 
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Table 2.8; Uncertainties, defined by equation (1.113), in pressure correlations, 
{cfi ^ 1.0): 6-parameter Margules equation, (ej); 3-parameter Wilson 
equation, (e2); 6-parameter Modified Wilson equation, (eg). 
T (Op) *#12 G1 «2 f3 
219.10 0.099 &40 -0.86 0.15 
201.05 0.100 6.16 0.57 0.48 
182.32 0.101 5.02 0.99 -0.23 
163.88 0.102 8.00 5.07 2.82 
144.78 0.103 9.29 7.57 4.29 
127.18 0.105 1.87 1.68 
107.64 0.106 4.69 6.71 1.25 
221.98 0.192 -3.30 -0.50 0.01 
202.00 0.194 -4.20 0.78 0.72 
182.27 0.196 -4.48 0.39 -0.17 
163.36 0.199 -0.34 -1.26 
144.11 0.201 -5.05 -0.71 -1.86 
126.02 0.202 -1.67 2.81 1.63 
107.82 0.204 -4^3 1.11 0.02 
222.47 0.344 -1.26 -0.37 -0.47 
202.87 0.346 -1.50 0.14 0.05 
182.83 0.348 -1..33 -0.37 -0.33 
161.64 0.350 -1.22 -1.14 -0.76 
143.56 0.352 -1.21 -1.71 -0.83 
119.44 0.354 -1.61 -2.40 -0.53 
218.07 0.493 0.54 0.25 
179.05 0.495 4.50 0.13 0.50 
160.89 0.496 4.14 -0.75 0.16 
142.19 0.498 4.12 -1.18 0.46 
124.93 0.499 3.69 -1.86 0.64 
Deviation 4.60 2.53 1.38 
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Table 2.9: Correlated activity coefficients obtained from the expressions described in 
the text, (c^ ^ 1.0) : 6-parameter Margules equation, (71); 3-parameter 
Wilson equation, (72); 6-parameter Modified Wilson equation, (73). 
T (Op) 71 72 73 
219.10 0.099 1.093 1.203 1.191 
201.0.5 0.100 1.095 1.160 1.161 
182.32 0.101 1.104 1.151 1.165 
163.88 0.102 1.119 1.1.54 1.181 
144.78 0.103 1.142 1.163 1.205 
127.18 0.105 1.172 1.174 1.228 
107.64 0.106 1.212 1.186 1.256 
22L98 0.192 1.2.59 1.224 1.219 
202.00 0.194 1.240 1.180 1.181 
182.27 0.196 1.2.30 1.172 1.179 
163.36 0.199 1.227 1.175 1.186 
144.11 0.201 1.233 1.182 1.196 
126.02 0.202 1.245 1.191 1.205 
107.82 0.204 1.265 1.199 1.213 
222.47 0.344 1.221 1.210 1.211 
202.87 0.346 1.201 1.182 1.183 
182.83 0.348 1.187 1.175 1.175 
161.64 0.350 1.178 1.177 1.173 
143..56 0.352 1.175 1.181 1.171 
119.44 0.354 1.179 1.188 1.166 
218.07 0.493 1.121 1.168 1.171 
179.0.5 0.495 1.104 1.1.54 1.150 
160.89 0.496 1.099 1.155 1.144 
142.19 0.498 1.097 1.157 1.138 
124.93 0.499 1.097 1.160 1.131 
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Table 2.10: A comparison of experimental and correlated pressures in units of 
kPa at several temperatures and mass fractions of refrigerant. R1.34a, 
(c^ = 1): Experimental pressure, (Pg^-p/); 6-parameter Margules equa­
tion, (Pj); 3-parameter Wilson equation, (P2); 6-parameter Modified 
Wilson equation, (P3); 2-parameter NRTL, a=0.2, (P4); 2-parame-
ter NRTL, q=0..5, (P5); 3-parameter NRTL, a=0.2, (Pg); 3-parameter 
NRTL,  a=0.5 ,  (P7) .  
T (Op) w^l34a ^expl  Pi P2 P3 P4 P5 P6 P7 
100.94 0.108 349 .313 390 332 418 420 409 394 
114.26 0.106 412 .377 464 404 472 467 466 462 
131.18 0.104 493 470 565 .501 549 536 554 550 
149.90 0.102 605 581 680 609 642 622 656 646 
167.72 0.100 708 688 789 705 737 714 752 735 
185.36 0.098 820 787 899 795 839 815 845 819 
185.54 0.098 821 T88 901 796 840 816 846 820 
201.74 0.096 931 865 1027 892 940 918 925 894 
208.40 0.176 1711 1T88 1826 1751 1795 1826 1774 1803 
190.22 0.180 1473 1558 1519 1464 1522 1553 1523 15.33 
172.76 0.183 1267 1340 1311 1271 1288 1290 1298 1300 
1.54.94 0.187 1069 11.36 1119 1089 1081 1077 1093 1092 
139.10 0.190 913 965 953 927 916 910 923 922 
119.66 0.193 730 774 758. 735 736 731 7.34 732 
102.20 0.196 586 623 599 577 597 598 586 583 




202.28 0.297 2460 2481 2400 2477 2411 2439 2405 2433 
186.08 0.302 2110 2126 2051 2112 2037 2053 2039 2053 
169.52 0.306 1789 1799 1749 1801 1701 1708 1707 1714 
1.53.50 0.310 1509 1517 1484 1528 1419 1421 1425 1427 
137.30 0.313 1254 1261 12.34 1275 1169 1168 1171 1173 
119.84 0.317 1014 1022 992 1029 938 937 937 937 
108.68 0.318 880 
00 00 
850 885 808 807 804 803 
202.82 0.440 3181 2987 2965 3171 2909 2925 2906 2923 
186.4: 0.443 2671 2515 2491 2641 2425 2434 2425 2434 
170.24 0.446 2230 2107 2098 2213 2014 2019 2016 2021 
1.53.86 0.448 1849 1746 1744 1837 1655 1657 1758 1660 
137.48 0.450 1515 1432 1431 1510 1348 1348 1.349 1350 
120.38 0.452 1220 1150 1144 1216 1075 1074 1074 1074 
105.98 0.453 1007 946 933 1002 878 878 876 876 
105.26 0.453 996 936 923 992 869 869 866 866 
94.28 0.454 859 800 782 848 740 740 736 735 
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Table 2.11: Uncertainties, defined by equation (1.113), in pressure correlations, 
(c^ = 1): 6-parameter Margules equation, (e^ ); 3-parameter Wilson 
equation, (62); 6-parameter Modified Wilson equation, (eg); 2-parame-
ter NRTL, a—0.2, (e^); 2-parameter NRTL, a=0.5, (e^); 3-parameter 
NRTL, a=0.2, (eg); 3-parameter NRTL, a=0.5, (ej). 
T (Op) Wffl34a «1 ^2 G3 64 «5 efi «7 
100.94 0.108 10.28 -11.65 4j& -19.29 -20.25 -14.64 -13.02 
114.26 0.106 8.38 -12.72 1.89 -14.76 -13.36 -13.01 -12.02 
1.31.18 0.104 4.64 -14.68 -1.62 -11.40 -8.64 -12.45 -11.47 
149.90 0.102 3.91 -12.43 -0.59 -6.11 -2jU -8.47 -6.85 
167.72 0.100 2jW -11.41 0.41 -4.11 -OjW -&,28 -3.78 
185.36 0.098 4.02 -9.66 &.03 -2jW 0.59 -3.01 0.18 
185.54 0.098 4.00 -9.69 3.02 -232 O..55 -3.01 0.17 
201.74 0.096 7.10 -10.33 4.19 -0.93 1.36 0.67 4.03 
208.40 0.176 -4..50 -6.69 -2.33 -4.91 -6.72 -&69 -5.36 
190.22 0.180 -5.73 -3.10 0.65 -3.35 -4^2 -3.41 -4.08 
172.76 0.183 -0.73 -3.45 -0.33 -1.68 -1.81 -2.48 -2.64 
154.94 0.187 -6.25 -4.70 -1.84 -1.17 -0.75 -2.20 -2.18 
1.39.10 0.190 -5.72 -4^8 -1.51 -0.31 0.38 -1.06 -0.99 
119.66 0.193 -5.98 -3.85 -0.71 -0.81 -0.20 -O..53 -0.33 
102.20 0.196 -6.31 -2.21 1.50 -1.92 -2.02 0.03 0.58 




l^W -2.14 -2.28 -0.15 0.42 
202.28 0.297 -0.83 2.44 -0.70 2.00 0.83 2.25 1.08 
186.08 ' 0.302 -0.77 2.80 -0.11 3.47 2.71 3.37 168 
169.52 0.306 -0.53 2.21 -0.66 4.89 4.50 4.59 4j% 
153.50 0.310 -0.50 1.67 -1.33 5.95 5.85 5.59 5.40 
137.30 0.313 -0.59 1.58 -1.51 6.78 6.89 6.54 6.46 
119.84 0.317 -0.79 2.15 -1.47 7.47 7.63 7.56 7^# 
108.68 0.318 -0.54 3.36 -0.64 8.19 8.27 8.64 8.75 
202.82 0.440 6.09 6.79 0.32 8.56 8.04 8.64 8.11 
186.44 0.443 6.73 1.14 9.23 8.86 9.20 8j# 
170.24 0.446 5.51 5.92 0.74 9.69 9.46 9..58 9^8 
153.86 0.448 5^a 5.66 0.67 10.48 10.38 10.35 10.23 
137.48 0.450 5.47 5.56 0.36 11.04 11.04 10.95 10.90 
120.38 0.452 5.70 6JW 0.33 11.92 11.97 11.95 11.95 
105.98 0.453 6.07 7.33 0.53 12.80 12.81 13.01 13.05 
105.26 0.453 5.98 7.29 0.44 12.74 12.75 12.97 13.01 
94.28 0.454 6.83 8^W 1.34 13.90 13.80 14.32 14.42 
Deviation &,29 7.25 1.72 8^7 8J2 8J^ 7j# 
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Table 2.12: Correlated activity coefficients obtained from the expressions described 
in the text, (c^ = 1): 6-parameter Margules equation, (71); 3-pa-
rameter Wilson equation, (72); 6-parameter Modified Wilson equation, 
(73); 2-parameter NRTL, a=0.2, (74); 2-parameter NRTL, q=0.5, (75); 
3-parameter NRTL, a=0.2, (7g); 3-parameter NRTL, a=0.5, (77). 
T (Op) CO 71 72 73 74 75 76 77 
100.94 0.108 0.710 0.921 0.783 0.998 0.991 0.946 0.932 
114.26 0.106 0.713 0.914 0.795 0.930 0.919 0.916 0.908 
131.18 0.104 0.712 0j#9 0.789 0.864 0.843 0.872 0.85 
149.90 0.102 0.700 0.848 0.759 0.800 0.776 0.818 0.806 
167.72 0.100 0.675 0.799 0.714 0.746 0.723 0.762 0.744 
18.5.36 0.098 0.638 0.749 0.662 0.698 0.679 0.703 0.682 
185.54 0.098 0.637 0.748 0.661 0.698 0.678 0.703 0.681 
201.74 0.096 0.592 0.718 0.623 0.657 0.642 0.647 0.625 
208.40 0.176 0.798 0.829 0.796 0.815 0.829 0.806 0.819 
190.22 0.180 0.839 0.808 0.841 &848 0.841 0.847 
172.76 0.183 0.873 0.881 0.854 0.866 0.867 0.872 0.874 
154.94 0.187 0.907 0.925 0.900 0.894 0.890 0.903 0.903 
139.10 0.190 0.935 0.958 0.932 0.920 0.914 0.927 0.926 
119.66 0.193 0.966 0.985 0.956 0.956 0.950 0.953 0.951 
102.20 0.196 0.993 0.995 0.956 0.991 0.993 0.973 0.967 
101.84 0.196 0.993 0.995 0.956 0.992 0.994 0.973 0.967 
202.28 0.297 0.935 0.924 0.953 0.928 0.939 0.925 0.936 
186.08 0.302 0.953 0.944 0.971 0.934 0.945 0.9.38 0.945 
169.52 0.306 0.971 0.974 1.002 0.948 0.951 0.951 0.9.54 
153..50 0.310 0.989 1.002 1.031 0.958 0.959 0.962 0.963 
137.30 0.313 1.007 1.023 1.056 0.969 0.968 0.971 0.972 
119.84 0.317 1.028 1.038 1.078 0.982 0.980 0.981 0.981 
108.68 0.318 1.042 1.043 "1.086 0.991 0.990 0.986 0.985 
202.82 0.440 0.979 0.992 1.062 0.973 0.979 0.972 0.978 
186.44 0.443 0.987 1.003 1.062 0.976 0.980 0.977 0.980 
170.24 0.446 0.994 1.021 1.076 0.980 0.982 0.981 0.983 
153.86 0.448 1.002 1.0.36 1.091 0.984 0.985 0.985 0.986 
137.48 0.450 1.011 1.049 1.108 0.988 0.988 0.989 0.989 
120.38 0.452 1.022 1.057 1.125 0.993 0.992 0.992 0.992 
105.98 0.453 1.031 1.059 1.1.37 0.997 0.997 0.995 0.994 
105.26 0.453 1.032 1.060 1.137 0.998 0.997 0.995 0.994 
94.28 0.454 1.0.39 1.059 1.144 1.002 1.003 0.997 0.996 
81 
Table 2.13: A comparison of experimental and correlated pressures in units of 
kPa at several temperatures and mass fractions of refrigerant, R134a, 
{cR ^ 1.0): Experimental pressure, (Pg^-p/); 6-parameter Margules 
equation, (Pj^); 3-parameter Wilson equation, (P2); 6-parameter Mod­
if ied  Wilson equat ion,  (P3) .  
T (OP) w^l34a ^ exvl  Pi P2 P3 
100.94 0.108 349 322 375 342 
114.26 0.106 412 384 440 408 
131.18 0.104 493 473 528 497 
149.90 0.102 605 584 634 603 
167.72 0.100 708 690 736 705 
185.36 0.098 820 791 845 810 
185.54 0.098 821 792 846 811 
201.74 0.096 931 869 963 922 
208.40 0.176 1711 1784 1739 1731 
190.22 0.180 1473 1560 1479 1469 
172.76 0.183 1267 1338 1274 1266 
154.94 0.187 1069 1128 1083 1077 
139.10 0.190 913 958 924 919 
119.66 0.193 730 766 740 734 
102.20 0.196 586 617 593 583 
101.84 0.196 582 614 590 580 
202.28 0.297 2460 2455 2429 2465 
186.08 0.302 2110 2111 2081 2110 
169.52 0.306 1789 1788 1767 1793 
153.50 0.310 1509 1507 1493 1519 
137.30 0.313 1254 1253 1240 1266 
119.84 0.317 1014 1016 1000 1025 
108.68 0.318 880 881 862 885 
202.82 0.440 3181 3030 3112 3175 
186.44 0.443 2671 2553 2608 2657 
170.24 0.446 2230 21.36 2178 2222 
153.86 0.448 1849 1771 1802 1844 
137.48 0.450 1515 1451 1473 1514 
120.38 0.452 1220 1167 1179 1218 
105.98 0.453 1007 961 965 1002 
105.26 0.453 996 951 954 991 
94.28 0.454 859 815 813 847 
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Table 2.14: Uncertainties, defined by equation (1.11.3), in pressure correlations, 
{cj^ ^ 1.0): 6-parameter Margules equation, (e^ ); 3-parameter Wilson 
equation, (e2); 6-parameter Modified Wilson equation, (eg). 
T (Op) w/?i34a ei eg «3 
100.94 0.108 7.87 -7.45 2.04 
114.26 0.106 6.77 -6.81 1.00 
131.18 0.104 4.04 -7.07 -0.79 
149.90 0.102 3.53 -4.77 Oj# 
167.72 0.100 -4.01 0.46 
185.36 0.098 3.54 -3.04 1.24 
185.54 0.098 -3.06 1.21 
201.74 0.096 6.67 -3.39 1.01 
208.40 0.176 -4.25 -1.62 -1.15 
190.22 0.180 -5.90 -0.43 0.24 
172.76 0.183 -5.60 -0.55 0.09 
154.94 0.187 -5.51 -1.29 -0.69 
1.39.10 0.190 -4.87 -1.24 -0.58 
119.66 0.193 -4.95 -1.43 -0.46 
102.20 0.196 -5.37 -1.19 0.42 
101.84 0.196 -5.53 -1.32 0.31 
202.28 0.297 0.21 1.28 -0.19 
186.08 0.302 -5.06 1.35 -0.01 
169.52 0.306 6.96 1.22 -0.26 
153.50 0.310 0.13 1.09 -0.64 
137.30 0.313 5.40 1.10 -0.94 
119.84 0.317 -0.16 1.38 -1.04 
108.68 0.318 -0.12 2.03 -0.56 
202.82 0.440 4.74 2.17 0.19 
186.44 0.443 4.41 2jK 0.51 
170.24 0.446 4.22 2.34 0.36 
1.53.86 0.448 4.25 2.54 0.29 
137.48 0.450 4.19 2.76 0.10 
120.38 0.452 4.33 3J8 0.18 
105.98 0.453 4.57 4.21 0.51 
105.26 0.453 4.52 4.19 0.47 
94.28 0.454 5.10 5.34 L28 
Deviation 4.39 3.31 0.76 
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Table 2.15: Correlated activity coefficients obtained from the expressions described 
in the text, {c^ ^ 1.0): 6-parameter Margules equation, (7]^); 3-pa-
rameter Wilson equation, (72); 6-parameter Modified Wilson equation, 
(73)-
T (OP) Wffl34o 71 72 73 
100.94 0.108 0.951 1.1.55 1.053 
114.26 0.106 0.981 1.169 1.084 
131.18 0.104 1.019 1.181 1.112 
149.90 0.102 1.057 1.189 1.131 
167.72 0.100 1.084 1.194 1.143 
185.36 0.098 1.100 1.207 1.157 
185.54 0.098 1.101 1.207 1.158 
201.74 0.096 1.102 1.246 1.193 
208.40 0.176 1.266 1.255 1.249 
190.22 0.180 1.2.39 1.204 1.196 
172.76 0.183 1.215 1.192 1.184 
154.94 0.187 1.196 1.187 1.180 
1.39.10 0.190 1.182 1.183 1.176 
119.66 0.193 1.169 1.175 1.164 
102.20 0.196 1.163 1.163 1.145 
101.84 0.196 1.163 1.163 1.144 
202.28 0.297 1.171 1.182 1.120 
186.08 0.302 1.1.53 1.167 1.183 
169.52 0.306 1.1.39 1.161 1.178 
153.50 0.310 1.130 1.158 1.178 
137..30 0.313 1.125 1.1.55 1.180 
119.84 0.317 1.124 1.151 1.179 
108.68 0.318 1.126 1.147 1.177 
202.82 0.440 1.080 1.131 1.1.54 
186.44 0.443 1.072 1.124 1.145 
170.24 0.446 1.066 1.121 1.143 
153.86 0.448 1.062 1.119 1.145 
137.48 0.450 1.062 1.118 1.147 
120.38 0.452 1.062 1.115 1.153 
105.98 0.453 1.065 1.113 1.156 
105.26 0.453 1.065 1.113 1.156 
94.28 0.454 1.068 1.110 1.157 
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Table 2.16: A comparison of experimental and correlated pressures in units of 
kPa at several temperatures and mass fractions of refrigerant, R22, 
(c^ = 1.0): Experimental pressure, 6-parameter Margules 
equation, (Pj); 3-parameter Wilson equation, (P2); 6-parameter Modi­
fied Wilson equation, (P3); 2-parameter NRTL, a=0.2, (P4); 2-param-
eter NRTL, a=0.5, (P5); 3-parameter NRTL, a=0.2, (Pg); 3-parameter 
NRTL,  Q =0.5 ,  (P7) .  
T(°F) 
^expl  Pi P2 P3 P4 P5 Pe P7 
152.06 0.089 628 621 691 679 756 752 577 744 
152.60 0.089 632 624 694 683 758 754 581 746 
186.80 0.087 806 844 868 863 895 885 859 885 
203.90 0.085 975 938 1058 1018 959 947 1016 966 
196.16 0.086 905 895 927 908 929 917 941 926 
173.48 0.087 778 753 794 795 834 826 732 818 
171.50 0.087 757 740 785 787 827 819 717 811 
146.66 0.089 626 583 660 640 733 730 537 724 
145.04 0.089 620 573 651 629 727 725 527 719 
143.24 0.089 603 563 642 618 721 719 517 714 
127.94 0.199 1048 1079 1055 1021 1094 1100 961 1103 
128.30 0.199 1055 1083 1059 1025 1097 1103 965 1106 
151..34 0.197 1310 1359 1330 1.321 1338 1.3.35 1277 1328 
194.00 0.193 1890 1905 1861 1854 1898 1901 2065 1906 
194.18 . 0.193 1892 1908 1864 1857 1901 1904 2069 1909 
194.36 0.193 1892 1910 1867 1860 1904 1907 2073 1913 
194.18 0.193 1892 1907 1864 1857 1901 1904 2069 1909 
179.06 0.194 1751 1705 1650 1655 1677 1674 1747 1669 
178..34 0.195 1670 1701 1646 1651 1672 1669 1738 1664 
177.08 0.195 1656 1685 1631 1636 1655 1651 1714 1646 
159.62 0.196 1455 1459 1424 1422 1431 1427 1404 1419 
153.50 0.197 1349 1385 1.355 1348 1362 1358 1309 1.351 
153.32 0.197 1347 1382 1.353 1.346 1360. 1356 1307 1.349 
95.54 0.327 964 995 952 935 970 999 861 1023 
110.84 0.324 1145 1201 1173 1172 1152 1169 1056 1180 
127.40 0.320 1418 1446 1433 1435 1377 1382 1.301 1384 
167.54 0.310 2098 2143 2124 21.30 2058 2055 2081 2050 
182.30 0.306 2372 2428 2396 2407 2365 2367 2446 2365 
202.64 0.299 2839 2831 2922 2930 2840 2854 3024 2864 
194.36 0.302 2657 2664 2644 2654 2637 2645 2775 2649 
194.36 0.302 2658 2664 2644 2654 2637 2645 2775 2649 
183.02 0.305 2429 2437 2404 2414 2376 2378 2460 2376 
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Table 2.16 (Continued) 
T (Op) 
*#22 ^  expl  Pi P2 P3 P4 P5 P6 P7 
167.90 0.309 2134 2145 2127 2133 2062 2060 2087 2054 
167.90 0.309 21.33 2145 2127 2133 2062 2060 2087 2054 
146.48 0.315 1747 1758 1752 1753 1672 1671 1635 1667 
146.48 0.315 1746 1758 1752 1753 1672 1671 1635 1667 
127.94 0.319 1446 1453 1440 1442 1383 1388 1309 1391 
127.94 0.319 1446 1453 1440 1442 1383 1388 1309 1391 
96.26 0.419 1147 1099 1095 1121 1059 1083 990 1100 
105.08 0.418 1276 1231 1238 1271 1181 1198 1116 1209 
106.88 0.418 1311 1259 1268 1302 1207 1222 1143 1233 
145.04 0.412 2009 1957 2007 2021 1873 1873 1851 1871 
161.06 0.409 2367 2311 2364 2370 2228 2226 2233 2223 
190.04 0.403 3126 3044 3085 3104 3004 3009 3083 3010 
179.42 0.406 2817 2763 2805 2816 2699 2700 2747 2699 
174.56 0.407 2711 2638 2684 2692 2567 2567 2602 2564 
165.92 0.409 2485 2426 2478 2484 2346 2345 2362 2342 
140.36 0.413 1898 1861 1908 1925 1179 1780 1750 1778 
1.39.64 0.413 1886 1846 1893 1911 1765 1766 1734 1764 
136.94 0.414 1846 1792 1836 1856 1712 1714 1678 1713 
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Table 2.17: Uncertainties, defined by equation (1.11.3), in pressure correlations, 
{cj^ = 1): 6-parameter Margules equation, (ej); .3-parameter Wilson 
equation, (e2); 6-parameter Modified Wilson equation, (eg); 2-parame-
ter NRTL, q=0.2, (64); 2-parameter NRTL, a=0.5, (e^); 3-parameter 
NRTL, a—0.2, (eg); 3-parameter NRTL, a=0.5, (ej). 
T (*F) w#22 fl G2 eg 64 % ^6 ^7 
152.06 0.089 1.16 -10.21 -8.17 -20.47 -19.90 7.98 -18.59 
152.60 0.089 1.21 -10.01 -8.08 -20.07 -19.49 7.93 -18.17 
186.80 0.087 -4.73 -T.84 -7.12 -11.18 -9.89 -6.65 -9.85 
203.90 0.085 &82 -8.58 -4.41 1.59 -4.30 0.88 
196.16 0.086 1.07 -2.52 -0.33 -2.71 -1.43 -4.05 -2.40 
173.48 0.087 3.38 -2.07 -2.19 -7.24 -6.19 5.84 -5.20 
171.50 0.087 2.22 -3.76 -3.87 -9.31 -8.28 5J^ -7.19 
146.66 0.089 6.93 -5.38 -2.22 -17.02 -16.66 14.17 -15.61 
145.04 0.089 7.54 -5.11 -1.56 -17.34 -17.03 14.91 -16.07 
143.24 0.089 6.55 -6.45 -2.55 -19.74 -19.50 14.17 -18.63 
127.94 0.199 -3.00 -0.77 2.60 -4.45 -4.59 8^2 -5.29 
128.30 0.199 -2.66 -0.46 2.85 -4.04 -4.56 8.45 -4^4 
151.34 0.197 -3.69 -1.56 -0.83 -2.14 -1.91 2.49 -1.36 
194.00 0.193 -0.79 1..52 L88 -0.45 -0.59 -9.26 -0.89 
194.18 0.193 -0.84 1.43 1.80 -0.52 -0.67 -9.39 -0.97 
194.36 0.193 -0.93 1.31 1.69 -0.63 -0.78 -9.56 -1.09 
194.18 0.193 -0.81 1.46 Ij# -0.49 -0.64 -9.36 -0.94 
179.06 0.194 2.60 5.74 5.59 4.19 4.36 0.18 4.63 
178.34 0.195 -1.89 1.38 1.22 -0.17 0.02 -4.14 0.32 
177.08 0.195 -1.75 1.48 1.31 0.03 0.25 -3.54 0.58 
159.62 0.196 -0.27 2.10 2^2 1.60 1.90 3J4 2.47 
153.50 0.197 -2.63 -0.46 0.10 -0.97 -0.71 2.92 -0.15 
153.32 0.197 -2.66 -0.49 0.08 -1.01 -0.75 2.94 -0.19 
95.54 0.327 -3.28 1.20 3.05 -0.71 -&,66 10.65 -6.16 
110.84 0.324 -4.89 -2.54 -2.44 -0.71 -2.12 L68 -3.15 
127.40 0.320 -2.00 -1.09 -1.33 2.92 2.49 8.16 2.32 
167.54 0.310 -2.09 -1.27 -1.47 1.92 2.02 0.79 2^7 
182.30 0..306 -2.38 -1.05 -1.40 0.24 0.16 -3.16 0.25 
202.64 0.299 0.26 -2.94 -3.32 -0.05 -0.57 -6.56 -0.91 
194.36 0.302 -0.26 0.48 0.12 0.75 0.44 -4.47 0.29 
194.36 0.302 -0.22 0.51 0.16 0.78 0.47 -4.43 0.33 
183.02 0.305 -0.31 1.04 0.69 2Ja 2.10 -1.28 2.17 
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Table 2.17 (Continued) 
T (OF) 
"^^22 ei C2 ^3 f4 f5 f6 
167.90 0.309 -0.56 0.28 0.08 3.36 3.46 2.19 3.70 
167.90 0.309 -0.59 0.26 0.05 3.33 3.44 2.17 3.68 
146.48 0.315 -0.68 -0.32 -0.43 4.26 4^2 &37 4^4 
146.48 0.315 -0.70 -0.34 -0.46 4.23 4jW 6.35 4.52 
127.94 0.319 -0.49 0.39 0.17 4.36 3^^ 9^6 3j& 
127.94 0.319 -0.49 0.39 0.17 4J6 3.97 9.46 3^2 
96.26 0.419 4.18 4.56 2.25 7.65 5.63 13.74 4.09 
105.08 0.418 3.52 2.93 0.33 7.43 12.51 5.21 
106.88 0.418 3.95 3.20 0.63 7.92 6.73 12.77 
145.04 0.412 2.60 0.11 -0.58 6.76 6.78 7.90 
161.06 0.409 2^6 0.14 -0.14 5^^ 5.66 6.10 
190.04 0.403 2.61 1.30 0.70 3.90 3.73 1.36 3.70 
179.42 0.406 1.91 0.41 0.03 4.19 4.14 2.48 4.20 
174.56 0.407 2.67 0.98 0.68 5.31 5.31 4.00 5.40 
165.92 0.409 2J3 0.26 0.02 5.57 5.62 4.95 5.75 
140.36 0.413 l^W -0.56 -1.47 6^3 6.20 7.80 6^8 
139.64 0.413 2.11 -0.36 -1.31 6.42 6.38 8.05 6.46 
136.94 0.414 2.92 0.52 -0.56 7.24 7.16 9.11 7.21 
Deviation 3.41 2jW 7.40 7.15 L63 
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Table 2.18: Correlated activity coefficients obtained from the expressions described 
in the text, (cj^ = 1.0): 6-parameter Margules equation, (71); 3-pa-
rameter Wilson equation, (72); 6-parameter Modified Wilson equation, 
(73); 2-parameter NRTL, A=0.2, (74); 2-parameter NRTL, Q=0.5, (75); 
3-parameter NRTL, q=0.2, (7g); 3-parameter NRTL, a=0.5, (77). 
T (Op) W22 71 72 73 74 75 76 77 
152.06 0.089 0.824 0.918 0.901 1.004 0.999 0.767 CUW8 
152.60 0.089 0.823 0.916 0.900 1.000 0.995 0.767 0.984 
18&80 0.087 0.762 0.785 0.780 0.809 0.800 0.776 0.800 
203.90 0.085 0.715 0.807 0.776 0.731 0.722 0.775 0.737 
196.16 0.086 0.737 0.764 0.748 0.765 0.756 0.775 0.763 
173.48 0.087 0.790 0^34 0.835 0.876 0.868 0.769 0.860 
171.50 0.087 0.794 0.842 0.843 0.887 0.879 0.770 0.870 
146.66 0.089 0.827 0.9.36 0.908 1.040 1.037 0.763 1.027 
145.04 0.089 0.828 0.942 0.910 1.051 1.048 0.762 1.040 
143.24 0.089 0.8.30 0.947 0.911 1.064 1.062 0.763 1.054 
127.94 0.199 1.074 1.051 1.016 1.089 1.095 0.957 1.098 
128.30 0.199 1.073 1.050 1.016 1.088 1.093 0.957 1.096 
151.34 0.197 1.019 0.999 0.991 1.004 1.002 0.959 0.997 
194.00 0.193 0.887 0.867 0^63 &884 11885 0.961 0.888 
194.18 0.193 0.886 0.866 0.863 0.883 0.885 0.961 0.887 
194.36 0.193 0.886 0.866 0.863 &883 0.884 0.961 0.887 
194.18 0.193 0.886 0.866 0.863 &883 11885 0.961 0.887 
179.06 0.194 0.937 0.907 0.909 0.922 0.920 0.960 0.917 
178..34 0.195 0.940 0.909 0.912 0.924 0.922 0.960 0.919 
177.08 0.195 0.944 0.914 0.916 0.927 0.925 0.960 0.922 
159.62 0.196 0.996 0.973 0.971 0.978 0.975 0.959 0.969 
153.50 0.197 1.014 0.992 0.987 0.997 0.995 0.959 0.989 
153.32 0.197 1.014 0.992 0.987 0.998 0.995 0.959 0.990 
95.54 0.327 1.141 1.092 1.072 1.113 1.146 0.987 1.173 
110.84 0.324 1.122 1.097 1.096 1.077 1.093 11988 1.104 
127.40 0.320 1.097 1.087 1.089 1.044 1.049 (1988 1.051 
167.54 0.310 1.017 1.009 1.011 0.977 0.976 0.988 0.973 
182.30 0.306 0.981 0.968 0.972 0.955 0.956 0.988 0.955 
202.64 0.299 0.925 0.954 0.957 0.928 0.932 0.988 0.935 
194.36 0.302 0.948 0.941 0.945 0.9.39 0.942 0.988 0.943 
194.36 0.302 0.948 0.941 0.945 0.939 0.942 0.988 0.943 
183.02 0.305 0.978 0.965 0.969 0.954 0.955 0.988 0.9.54 
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Table 2.18 (Continued) 
T (OP) 71 72 73 74 75 76 76 
167.90 0.309 1.016 1.007 1.009 0.976 0.975 0.988 0.973 
167.90 0.309 1.016 1.007 1.009 0.976 0.975 0^W8 0.973 
146.48 0.315 1.062 1.058 1.060 1.010 1.010 0^W8 1.007 
146.48 0.315 1.062 1.058 1.060 1.010 1.010 0.988 1.007 
127.94 0.319 1.096 1.087 1.089 1.043 1.048 0.988 1.049 
127.94 0.319 1.096 1.087 1.089 1.043 1.048 0^W8 1.049 
96.26 0.419 1.104 1.100 1.127 1.065 1.088 0.994 1.106 
105.08 0.418 1.097 1.103 1.133 1.052 1.067 0.994 1.077 
106.88 0.418 1.095 1.104 1.133 1.050 1.063 0.994 1.072 
145.04 0.412 1.052 1.079 1.086 1.007 1.007 0.995 1.006 
161.06 0.409 1.030 1.053 1.056 0.993 0.992 0.995 0.990 
190.04 . 0.403 0.982 0.996 1.002 0.969 0.971 0.995 0.971 
179.42 0.406 1.001 1.016 1.020 0.978 0.978 0.995 0.977 
174.56 0.407 1.009 1.026 1.029 0.981 0.981 0.995 0.980 
165.92 0.409 1.022 1.044 1.047 &988 (X988 0.995 0.987 
140.36 0.413 1.058 1.085 1.095 1.012 1.012 0.995 1.011 
139.64 0.413 1.060 1.087 1.096 1.012 1.013 0.995 1.012 
136.94 0.414 1.062 1.089 1.101 1.015 1.016 0.995 1.015 
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Table 2.19: A comparison of experimental and correlated pressures in units of kPa at 
several temperatures and mass fractions of refrigerant, R22, (c^ ^ 1.0): 
Experimental pressure, 6-parameter Margules equation, (P^); 
3-parameter Wilson equation, (P2); 6-parameter Modified Wilson equa­
t ion,  (P3) .  
T (Op) t"A22 ^  ex-pl  Pi P2 P3 
152.06 0.089 628 603 679 668 
152.60 0.089 632 606 682 671 
186.80 0.087 806 812 872 861 
203.90 0.085 975 909 1042 1006 
196.16 0.086 905 872 937 915 
173.48 0.087 778 723 794 789 
171.50 0.087 757 711 784 778 
146.66 0.089 626 574 649 634 
145.04 0.089 620 566 640 624 
143.24 0.089 603 557 631 613 
127.94 0.199 1048 1098 1049 1028 
128.30 0.199 1055 1102 1053 10.32 
151.34 0.197 1310 1369 1319 1313 
194.00 0.193 1890 1946 1873 1867 
194.18 0.193 1892 1948 1876 1869 
194.36 0.193 1892 1950 1878 1872 
194.18 0.193 1892 1948 1876 1869 
179.06 0.194 1751 1749 1674 1673 
178.34 0.195 1670 1728 1654 1653 
177.08 0.195 1656 1711 1638 1638 
159.62 0.196 1455 1480 1424 1422 
153.50 0.197 1349 . 1398 1.346 1342 
153.32 0.197 1.347 1395 1344 1339 
95.54 0.327 964 999 965 955 
110.84 0.324 1145 1195 1172 1171 
127.40 0.320 1418 1442 1427 1430 
167.54 0.310 2098 2130 2115 2121 
182.30 0.306 2372 2407 2.390 2399 
202.64 0.299 2839 2785 2860 2882 
194.36 0.302 2657 2646 2645 2658 
194.36 0.302 2658 2647 2645 2659 





















Table 2.19 (Continued) 
^R22 ^  expl  Pi P2 
0.309 2134 2142 2127 
0.309 21.33 2142 2127 
0.315 1747 1756 1746 
0.315 1746 1756 1745 
0.319 1446 1454 1439 
0.319 1446 1454 1439 
0.419 1147 1100 1114 
0.418 1276 1229 1252 
0.418 1311 1258 1283 
0.412 2009 1944 2005 
0.409 2367 2291 2364 
0.403 3126 2996 3101 
0.406 2817 2724 2812 
0.407 2711 2612 2695 
0.409 2485 2403 2480 
0.413 1898 1845 1902 
0.413 1886 1832 1888 
0.414 1846 1782 1836 
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Table 2.20: Uncertainties, defined by equation (1.113), in pressure correlations, 
(c^ ^1): 6-parameter Margules equation, (e^); 3-parameter Wilson 
equation, (e2j; 6-parameter Modified Wilson equation, (3). 
T (Op) f2 C3 
152.06 0.089 3.97 -8.17 -6.39 
152.60 0.089 4.08 -8.00 -6.29 
186.80 0.087 -0.84 -8.22 -6.82 
203.90 0.085 -6.88 -3.22 
196.16 0.086 3^8 -3.51 -1.13 
173.48 0.087 7.06 -2.08 -1.41 
171.50 0.087 6.06 -3.48 -2.81 
146.66 0.089 8.44 -3.62 -1.23 
145.04 0.089 &72 -3.34 -0.72 
143.24 0.089 7.50 -4.69 -1.76 
127.94 0.199 -4.77 -0.08 1.92 
128.30 0.199 -4.45 0.20 2.15 
151.34 0.197 -4.49 -0.65 -0.21 
194.00 0.193 -2.95 0.90 1.24 
194.18 0.193 -Z99 OjW 1.18 
194.36 0.193 -3.06 0.75 1.09 
194.18 0.193 -2.97 0.87 1.20 
179.06 0.194 0.01 4.41 4.45 
178.34 0.195 -3.50 0.95 0.98 
177.08 0.195 -3^4 1.07 1.09 
1.59.62 0.196 -1.69 2.14 2.31 
1.53.50 0.197 -3.60 0.21 0.57 
153.32 0.197 -3.62 0.19 
95.-54 0.327 -3.66 -0.16 0.90 
110.84 0.324 -4.38 -2j^ -2^9 
127.40 0.320 -1.70 -0.68 -0.89 
167.54 0.310 -1.50 -0.81 -1.08 
182.30 0.306 -1.52 -0.79 -1.16 
202.64 0.299 1.87 -0.77 -1.53 
194.36 0.302 0.40 0.45 -0.05 
194.36 0.302 0.43 0.47 -0.02 
183.02 0..305 -0.01 0.66 0..30 
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Table 2.20 (Continued) 
T (OP) f2 
167.90 0.309 -0.42 0.30 0.03 
167.90 0.309 -0.43 0^8 0.02 
146.48 0.315 -0.53 0.07 -0.16 
146.48 0.315 -0.55 0.06 -0.18 
127.94 0.319 -0.53 0.49 0.29 
127.94 0.319 -0.53 0.49 OJ# 
9&,26 0.419 4.10 2.88 1.38 
10.5.08 0.418 L88 0.31 
106.88 0.418 4.03 2.14 0.60 
145.04 0.412 3.27 0.22 -0.38 
161.06 0.409 3^4 0.15 -0.23 
190.04 0.403 4.17 0.80 0.11 
179.42 0.406 3.31 0.19 -0.28 
174.56 0.407 3.65 0.58 0.17 
165.92 0.409 3j# 0.19 -0.18 
140.36 0.413 2.77 -0.25 -0.97 
139.64 0.413 -0.11 -OjW 
136.94 0.414 3.45 0.51 -0.29 
Deviation 3.81 2.75 2.06 
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Table 2.21: Correlated activity coefficients obtained from the expressions described 
in the text, (c^ ^ 1.0): 6-parameter Margules equation, (71); 3-pa-
rameter Wilson equation, (72); 6-parameter Modified Wilson equation, 
(73)-
T (OP) w#22 71 72 73 
152.06 0.089 1.082 1.218 1.198 
152.60 0.089 1.082 1.218 1.199 
186.80 0.087 1.120 1.202 1.186 
203.90 0.085 1.163 1.3.35 1.289 
196.16 0.086 1.141 1.225 1.197 
173.48 0.087 1.094 1.202 1.194 
171.50 0.087 1.092 1.203 1.195 
146.66 0.089 1.080 1.222 1.194 
145.04 0.089 1.080 1.223 1.192 
143.24 0.089 ljW2 1.224 1.190 
127.94 0.199 1.285 1.227 1.203 
128.30 0.199 1.284 1.227 1.203 
151.34 0.197 1.267 1.221 1.216 
194.00 0.193 1.267 1.219 1.216 
194.18 0.193 1.267 1.220 1.216 
194.36 0.193 1.267 1.221 1.216 
194.18 0.193 1.267 1.220 1.216 
179.06 • 0.194 1.263 1.208 1.208 
17&34 0.195 1.262 1.208 1.208 
177.08 0.195 1.262 1.208 1.208 
159.62 0.196 1.264 1.217 1.214 
153.50 0.197 1.266 1.219 1.215 
153.32 0.197 1.26d 1.219 1.215 
95.54 0.327 1.231 1.189 1.177 
110.84 0.324 1.222 1.198 1.197 
127.40 0.320 1.215 1.203 1.205 
167.54 0.310 1.203 1.195 1.199 
182.30 0.306 1.202 1.194 1.198 
202.64 0.299 1.204 1.237 1.246 
194.36 0.302 1.203 1.203 1.209 
194.36 0.302 1.203 1.203 1.209 
183.02 0.305 1.203 1.194 1.198 
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Table 2.21 (Continued) 
T (Op) WR22 71 72 73 
167.90 0.309 1.204 1.196 1.199 
167.90 0.309 1.204 1.196 1.199 
146.48 0.315 1.209 1.201 1.204 
146.48 0.315 1.209 1.201 1.204 
127.94 0.319 1.215 1.203 1.205 
127.94 0.319 1.215 1.203 1.205 
96.26 0.419 1.152 1.167 1.185 
105.08 0.418 1.150 1.171 1.190 
106.88 0.418 1.149 1.172 1.190 
145.04 0.412 1.139 1.175 1.182 
161.06 0.409 1.136 1.173 1.177 
190.04 0.403 1.133 1.173 1.181 
179.42 0.406 1.1.34 1.170 1.176 
174.56 0.407 1.1.35 1.171 1.175 
165.92 0.409 1.135 1.172 1.176 
140.36 0.413 1.140 1.176 1.184 
1.39.64 0.413 1.140 1.176 1.184 
136.94 0.414 • 1.141 1.176 1.185 
Deviation 3.81 2.75 
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Constants in pressure correlations In the following, temperature is in units 
of Kelvins and pressure is in units of kPa. 
Margules 
In'ifi - + AI T + + BiT + (2.5) 
R12/SUS300+PAO SHC234, = 1 
AQ — 12.78 
Al = -7.09E-02 
A 2 = 9.39E-05 
BQ = -0.45 
Bi = 1.64E-02 
B2 = -4..36E-05 
R12/SUS300+PAO SHC2.34, cj^ ^ 1 
AQ = 2.97 
A^ =: -1.36E-02 
Ag - 1.13E-05 
BQ = 12.52 
B^ = -6.86E-02 
B2 — l.OE-04 
R134a/SR484, Cj^ = 1 
AQ — -10.5.61 
Al = 0.58 
A 2 = -8.17E-04 
Bq — -21.38 
B^ = 0.13 
B2 = -2.1 lE-04 
R134a/SR484R, f 1 
AQ = -90.93 
A 2 = 0.51 
A2 = -7.20E-04 
BQ = -8.22 
Bi = 4.18E-02 
B2 = -4.68E-05 
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R22/SUS150, cfi = I 
Ag = -23.12 
A 2 = 0.12 
A2 = -1.53E-04 
Bg = -1.5.50 
= 0.11 
Bg = -1.89E-04 
R22/SUS1.50, cji # 1 
AQ = 22.68 
Ai = -0.14 
A2 = 2.19E-04 
Bq = 13.25 
Bi = -6.97E-02 
B2 = 9.85E-05 
and 2-parameter form, 
I n f R  =  x q { A Q  + ( 2 .  
R12/SUS.300+PAO SHC2.34, = 1 
Ag — -0.52 
Bg = -0.23 
R12/SUS300+PAO SHC2.34, ^ 1 
A g = -0.45 
Bg — 0.87 
R134a/SR484, = 1 
Aq = -2.29 
Bg = -1.08 
R134a/SR484R, = 
Ag - 0.0 
Bg = 0.7 
R22/SUS150, cji = 1 
Ag = -1.0 
Bg = 0.0 
R22/SUS150, 7^ 1 
Ag = -1.07 
Bg = 1.08 
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Wilson 
l n { x j ^  +  X Q A )  (2.7: 
where 
A = ^exp(AQfT + Ai + A-iT) (2.8) 
R12/SUS.300+PAO SHC2.34, = 1 
Aq = 3414.73 
A 2 = -22.46 
A 2 — 3.92E-02 
R12/SUS300+PAO SHC234, ^ 1 
AQ = 705.20 
Ai = -5.15 
Ag = 1.08E-02 
Rl34a/SR484, = 1 
.^Q = 5675.02 
kl = -.38.07 
A2 = 6.13E-02 
R134a/SR484, ^ 1 
AQ = 2750.62 
kl = -18.61 
A2 =2.78E-02 
R22/SUS150, Cfi = 1 
AQ = 7913.78 
Ai = -50.30 
A2 = 8.25E-02 
R22/SUS150, cp j-- 1 
Aq = 4173.92 
Ai = -26.25 
A2 = 4.30E-02 




A = —e2p(.4o/r) 
P O  
(2 .10)  
R12/SUS.300+PAO SHC234, = 1 R12/SUS300+PAO SHC234, ^ 1 
Aq = 421.62 AQ = 248.73 
R134a/SR484, = 1 
AQ = -107.57 
R1.34a/SR484, ^ 1 
AQ = -343.35 
R22/SUS150, = 1 
AQ = 441.34 
R22/SUS150, ^ 1 
Ag = 266.26 
Modified Wilson 
A B  
I n f r  =  -  I n { Z )  +  ~  4- -  A)) (2.11) 
where 
A = ^exp{AQlT + Ai -j- AgT) 
Z  =  , r ^  +  X Q A .  




R12/SUS300+PAO SHC2.34, = 1 R12/SUS300+PAO SHC2.34, ^ 1 
Aq = 2992.37 AQ = 749.12 
A 2 — -20.01 A 2 = -5.85 
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A 2 = 3.6IE-02 
Bq = 2137.18 
= -11.20 
B2 = 1.47E-02 
A2 = 1.24E-02 
BQ = 1087.71 
Bj = -5.18 
B2 = 6.02E-03 
R1.34a/SR484, = 1 
Aq = 9448.98 
Al = -59.64 
A] = 9.28E-02 
BQ = -12912.28 
Bi = 75.94 
B2 =  -0 .11  
R134a/SR484, 7^ 1 
AQ = 4917.97 
A 2 = -30.56 
A2 = 4.46E-02 
BQ = -3033.15 
B^ = 16.61 
B2 = -2.31E-02 
R22/SUS150, = 1 
Aq = 15312.80 
Al = -93.72 
A2 = 0.14 
BQ = -14254.59 
B^ = 81.50 
B2 = -0.12 
R22/SUS150, cp # 1 
AQ = 9516.25 
A 2 = -58.08 
A2 = 8.66E-02 
Bq = -6830.79 
B^ = 39.15 
B2 = -5.62 
and 2-parameter form, 
l n ( Z )  + - x j i ) Z x Q  - X Q X T Z  + z^z^fl - A)) (2.15) 
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where 
A = —expiA^jT) (2.16) 
/'O 
Z  =  X R  +  X Q A  (2.17) 
B  =  B q / T  (2.18) 
R12/SUS.300+PAO SHC2.34, c j j  =  1  R12/SUS300+PAO SHC2.34, ^ 1 
Aq - 396.62 AQ = 240.34 
BQ = 72.28 BQ - 17.81 
R134a/SR484, = 1 
AQ = -42.74 
BQ = -181.33 
R134a/SR484, ^ 1 
Aq = -304.63 
BQ = -53.53 
R22/SUS150, CR = 1 
AQ = 166.97 
BQ — -53.66 
R22/SUS150, + 1 
AQ = -14.45 
Bq = -11.78 
NRTL All constants reported here should be used only if = 1.0 
I 
and 




For a — 0.2 
G = AQ +  AI /T (2 .21]  
R12/SUS300+PAO SHC234 
Aq = 1.902 
Ai = -304.150 
R1.34a/SR484 
AQ = 2.643 
A^ = -509.383 
R22/SUS150 
AQ = 2.494 
AQ = -508.1.38 
For a = 0.5 
R12/SUS300+PAO SHC2.34 
AQ = 3.342 
Ai = -789.000 
R1.34a/SR484 
AQ = 6.391 
Ai = -1675.10 
R22/SUS150 
AQ = 4.904 
Aq = -1326.420 
3-parameter form 
For a — 0.2 
R12/SUS-300+PAO SHC2.34 
AQ = 1.296 
Ai = -3.99E-03 
A2 = 9.20E-06 
G — ^Q 4- -4]^r "F A'2T^ 
R1.34a/SR484 
Aq = 3.213 
A^ = -1.643E-02 






For a = 0.5 
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R12/SUS300+PAO SHC234 
Aq = 2.655 
Al = -i.548E-02 
A2 = 3.128E-05 
Vapor pressure 
For pure R12; 
l n { P )  =  .4q + + A 2 l n ( T )  + .4gT (2.23) 
where 
Aq — 119.032 
Ai = -5189.4 
A2 = —18.265 
>13 = 0.029887 
For pure R22; 
l n ( P )  +  +  A 2 H T )  + A^ t M (2.24) 
where 
.4o = 97.882 
Ai = -4773.5 
A2 = -12.317 
A3 = 2.4173E - 05 
R134a/SR484 
Aq = 16.298 
Ai = -0.102 
A2 = 1.712E-04 
R22/SUS150 
.4Q = -12.709 
AQ = 6.878E-02 
Aq = -8.360E-05 
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.4^ = 2.0 
For pure Rl.34a; 
M P )  =  ^  +  . 4 i + A 2 T  + 4 3 ( 1 . - ^ ) 2  ( 2 . 2 5 )  
where 
Tc = 374.205 
-4Q = —3.35346^ + 03 
Ai = 1.83606^ + 01 
,42 = -2.90804E - 03 
.4g = 2.78366 
Group Contribution Models 
We now turn to an alternate formulation of the Wilson model. The fundamental 
idea of a solution-of-groups model is to utilize existing phase equilibrium data for 
predicting phase equilibria of systems for which no experimental data are available. 
UNIFAC entails the following: suitable reduction of experimentally obtained activity 
data to obtain parameters characterizing interactions between pairs of structural 
groups in some systems, and use of these parameters to predict activities in other 
systems which have not been studied experimentally but which contain the same 
functional groups. A functional group is any convenient structural unit such as 
— CH2 — . —OH, -CH-jOH. Since chemical composition must be known for the 
application of UNIFAC we are restricted to analysis of the R12 and R22 systems for 
which the lubricant structure is known, albeit approximately. 
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As explained in chapter 1, the size and group contributions to the activity coef­
ficient are labeled configurational (C) and residual (R). 
In 7 = In 7^' + In 7"^ (2.26) 
In this method group-group interaction parameters, amn and anrrii are required. A 
large number of group-group interaction parameters is already available in the liter­
ature (Skjold-Jorgensen et al., 1979 and Macedo et al., 1983). Calculation of activity 
coefficients with the UNIFAC method also requires that group volume parameters, 
and surface parameters, be known. 
We have calculated the constants, R j ,  and which appear in equations (1.54) 
and (1.55), by using the data given by Bondi (1968) and the expressions developed 
by Abrams and Prausnitz (1975). The constants for R12 and R22 are shown in Table 
(2.22) below. 
Table 2.22: van der Waals' volumes and surface areas of R12 and R22 
Refrigerant type R f C  QA' 
R12 2j#T 2.404 
R22 2.059 1.844 
There are five chemical groups in the lubricants we have studied. The alkylben-
zenes contain CH^, CCH, C, and aromatic CH{ArCH). Thus we have a total 
of 6 different groups, counting the refrigerant (R12 or R22) as a group in each system. 
In the group-contribution models used today, the interaction parameters between all 
alkane groups {CH^, CH-j, CH, and C) are assumed equal to zero. Therefore, the in­
teraction parameters between a given group and any of the alkane groups is the same 
for all alkane moitiés. This allows the number of required interaction parameters to 
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decrease for the R12/SUS300+PAO SHC234 and R22/SUS150 mixtures. Thus we 
have only to consider the groups Cffg, ArCH, and the refrigerant molecule in each 
of the binary mixtures. Fredenslund et al. (1977) give the interaction parameters 
between the CH^ group and ArCH as 
^ A r C H - C H ^ ,  =  ^ A r C H - G H 2  =  ' ^ A r C H - C H  =  ' ^ A r C H - C  =  
""C-ArCH = "CH-ArCH = '^CH2-ArCH = ""CH^-ArCH = 61-13 
However, despite the commercial importance and common application of the 
UNIFAC model, interaction parameters for the simple refrigerants of interest here 
have not, to our knowledge, been published. These new parameters are summarized 
in Table 2.23. 
We obtained these interaction parameters ( a n m )  and ( a - m n )  for UNIFAC ac­
tivity coefficient expressions by minimizing the pressure objective function as de­
scribed above. We also have tested the effect of temperature on the UNIFAC group-
interaction parameters using various expressions for the parameter "anm" as func­
tions of temperature, 
Onm = Pnm + S n m / T ^ ^ ' ^  (2.27) 
d n m  =  P n m  + ^ n m / T  (2.28) 
dnm. = Pnm + ^ nmT (2.29) 
If we set Snm. equal to zero, we obtain the true UNIFAC parameters. 
Table 2.27 and Table 2.30 show the correlated pressures using these different 
forms of group-interaction parameters for R12/SUS300+PAO SHC234 and R22/SUS150 
mixtures, respectively. We find it unnecessary to treat the interaction parameters as 
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functions of temperature for R12/SUS300+PAO SHC234 mixture, as observed from 
the values of relative errors and deviations shown in Table 2.28. The correlated 
system pressures we obtained for this mixture are best when the interaction param­
eters are treated as constants. In the case of the R22/SUS150 mixture, two of the 
temperature-dependent "anm" expressions improved the correlation. Standard de­
viations using equations (2.27) and (2.28) are 3.56 and 4.15, respectively, as shown 
in Table 2.31. 
Our extension of the available interaction parameter data for the UNIFAC model 
holds promise for the prediction of activity coefficients and/or system pressures of 
any other system containing the main groups C'H^, R12, R22, and ArCH. This 
is significant not only for the design of refrigeration and other systems employing 
CFC materials but also for more general processes. For example, one could use 
the interaction parameters presented in Table 2.23 through Table 2.26 for general 
separation processes which will remain important even with the imposed restrictions 
on the production of these materials. In addition, these parameters may prove useful 
for the analysis of the thermophysical processes active in the atmosphere. Tables 
2.29 and 2.32 display the activity coefficients for R12, and R22 systems, respectively. 
Figures 2.25 through 2.32 show the experimental and correlated pressures for both 
systems. 
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Table 2.23: UNIFAC group interaction parameters, anm — Pnm 
Group R12 R22 CHs ArCH 
R12 0.0 n.a. -81.82 652.91 
R22 U.S.. 0.0 -219.99 728.79 
CHg 86.47 407.25 0.0 61.13 
ArCH 332.62 2867.29 -11.12 0.0 
Table 2.24: UNIFAC group interaction parameters, a n m  = P n m  +  S n m  /yl/2 
Group R12 R22 CHg ArCH 
P s P s P s P s 
R12 0.0 0.0 n.a. n.a. -194 3557 2531 49149 
R22 11,9,. n.B.. 0.0 0.0 -1631 27654 -2170 5.3610 
CHg 1002 -16065 2775 -45620 0.0 0.0 61.13 0.0 
ArCH 2518 -45274 5249 -91138 -11.12 0.0 0.0 0.0 
Table 2.25: UNIFAC group interaction parameters, anm = pnm + ^ nm./T 
Group R12 R22 CHg ArCH 
P s P s P s P s 
R12 0.0 0.0 n.a. n.a. -135 49073 -1064 398543 
R22 n.a. n.a. 0.0 0.0 -185 5588 -1359 737806 
CHg 549 -144265 655 -968.330 0.0 0.0 61.13 0.0 
ArCH 1366 -445367 412 -27605 -11.12 0.0 0.0 0.0 
Table 2.26: UNIFAC group interaction parameters, anm. = P n m  +  m T  
Group R12 R22 CHg ArCH 
P s P s P s P s 
R12 0.0 0.0 n.3.. n.a. 1.01 -0.25 -841 4.36 
R22 11.3.. n.â.. 0.0 0.0 -218 -0.00495 714 0.0453 
CHg 65.22 0.0263 405 0.0051 0.0 0.0 61.13 0.0 
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Figure 2.25: Experimental and correlated pressures of R12/SUS300-PAO SHC234 
mixtures with UNIFAC method. ( ), Po ( )• P3 
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Figure 2.26: Experimental and correlated pressures of R12/SUS.300-PAO SHC2.34 
mixtures with UNIFAC method. ( )• P2 ( ^3 
( ). ( ) : (wfii2 = 0.198 and # 1.0). 
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Figure 2.27: Experimental and correlated pressures of R12/ St SSOO^PAO SHC234 
mixtures with UNIFAC method. ( ). Po ( )• P3 
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Figure 2.28: Experimental and correlated pressures of R12/SU.S3()() • P.-^O SHC2.34 
mixtures with UNIFAC method. P]^ ( )• P_> ( )• ^3 
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Figure 2.29: Experimental and correlated pressures of R22/ SUS1Ô0 mixtures with 
I NIFAC method. P^ ( ), ?•> ( )• P3 (• — • — )• P4 ( ) 
: ( '•'•'{122 ~ 0-0(^9 and # 1.0). 
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Temperature, °F 
Figure 2.30: Experimental and correlated pressures t i' R22/SUS150 mixtures with 
L NIFAC method. P^ ( ). P2 ( ), P3 ( — ). P4 ( ) 
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Figure 2.31: Experimental and correlated pressures of R22/SIS150 mixtures with 
UNIF.\C method. ( ), P2 ( ), P3 ( P4 ( ) 
; ~ 0.312 and c^ ^ 1.0). 
I I H  
3000 
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w 2000 fy 
1500 
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Temperature, °F 
Figure 2.32: Experimental and correlated pressures of R22/SI'S 150 mixtures with 
L NIFAC method. P^ ( ). P2 ( ), P3 ( ). P4 ( ) 
• ^'•'•'R'2'2 ~ 0.412 and ^ 1.0). 
117 
Table 2.27: A comparison of experimental and correlated pressure calculated using 
UNIFAC method in units of kPa at several temperatures and mass 
fractions of R12, (c^ ^ 1.0); (Experimental pressure); Pj (a = 
p); P2 (a = p+s/T^/^); P3 (a = p+s/T); P4 (a = p+sT). 
T(OF) 
^V12 ^  e x p l  Pi P2 P3 P4 
219.10 0.099 642 581 679 675 595 
201.05 0.100 566 529 610 607 533 
182.32 0.101 495 470 529 527 465 
163.88 0.102 447 410 448 447 398 






127.18 0.105 313 299 296 296 277 
107.64 0.106 270 245 225 225 221 
221.98 0.192 1223 1132 1251 1247 1161 
202.00 0.194 1055 1011 1105 1102 1021 
182.27 0.196 901 882 948 946 876 
163.36 0.199 765 760 798 797 741 
144.11 0.201 641 641 651 651 613 
126.02 0.202 557 539 525 525 504 
107.83 0.204 449 443 408 407 405 
222.47 0.344 2024 1961 2007 2007 2011 
202.87 0.346 1725 1716 1748 1748 1738 
182.83 0.348 1446 1465 1480 1480 1463 
161.65 0.350 1181 1214 1209 1209 1192 
143.56 0.352 981 . 1017 997 996 984 
119.44 0.354 749 785 741 741 741 
218.08 0.493 2592 2579 2506 2509 2637 
179.05 0.495 1805 1845 1784 1786 1846 
160.89 0.496 1490 1543 1484 1486 1526 
142.19 0.498 1215 1268 1209 1209 1238 
124.93 0.499 990 1043 982 981 1005 
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Table 2.28; Uncertainties in pressure correlations, as defined in equation (1.113), 
{cji ^ 1.0); ei (a = p); e2 (a = p+s/T^/^); eg (a = p+s/T); e^ (a = 
p-fsT). 
T(OF) Wrl2 ei 62 ^3 f4 
219.10 0.099 -5.85 -5.21 7.31 
201.05 0.100 6.39 -7.72 -7.15 5.74 
182.32 0.101 4.97 -6.92 -6.48 6.01 
163.88 0.102 8.15 -0.19 0.07 10.92 
144.78 0.103 10.24 6.30 6.40 14.92 
127.18 0.105 4.33 5.35 5.36 11.44 
107.64 0.106 9.06 16.72 16.80 18.32 
22L98 0.192 7.39 -2.31 -1.98 5.06 
202.00 0.194 4.17 -4.72 -4.42 3j# 
182.27 0.196 2.10 -5.18 -4.97 2.81 
163.36 0.199 0.63 -4.27 -4.17 3.10 
144.11 0.201 -0.12 -1.61 -1.61 
126.02 0.202 3.15 5.80 5.78 9^4 
107.83 0.204 1.21 9.21 9j# 9^^ 
222.47 0.344 3.06 0.83 0.62 
202.87 0.346 0.48 -1.34 -1.33 -0.76 
18Z83 0.348 -1.32 -2.33 -2.34 -1.16 
161.65 0.350 -2.79 -2.36 -2.40 -0.95 
143.56 0.352 -3.74 -1.46 -1.51 -0.30 
119.44 0.354 -4.82 1.11 1.10 1.04 
218.08 0.493 0.46 3jW 3.19 -1.75 
179.05 0.495 -2.25 1.16 1.04 -2.29 
160.89 0.496 -3.60 0.41 0..30 -2.44 
142.19 0.498 -4.40 0.53 0.47 -1.88 
124.93 0.499 -5.39 0.85 0.84 -1.48 
Deviation 5.05 5.34 5^5 6.97 
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Table 2.29: Correlated activity coefficients from the expressions described in the 
text, (c^ ^ 1.0); 71 (a = p); -yg (a = p+s/T^/^); 73 (a = p+s/T); 74 
(a = p+sT). 
T("F) ^rV2 71 72 73 74 
219.10 0.099 1.080 1.263 1.255 1.106 
201.05 0.100 1.092 1.257 1.251 1.100 
182.32 0.101 1.104 1.243 1.2.38 1.093 
163.88 0.102 1.116 1.218 1.215 1.083 
144.78 0.103 1.129 1.179 1.178 1.071 
127.18 0.105 1.142 1.130 1.1.30 1.058 
107.64 0.106 1.156 1.059 1.058 1.039 
221.98 0.192 1.128 1.247 1.243 1.157 
202.00 0.194 1.140 1.246 1.242 1.151 
182.27 0.196 1.151 1.238 1.235 1.144 
163.36 0.199 1.163 1.221 1.220 1.135 
144.11 0.201 1.175 1.193 1.193 1.123 
126.02 0.202 1.186 1.154 1.154 1.109 
107.83 0.204 1.198 1.101 1.100 1.093 
222.47 0.344 1.168 1.196 . 1.196 1.198 
202.87 0.346 1.177 1.199 1.199 1.192 
182.83 0.348 1.186 1.198 1.199 1.185 
161.65 0.350 1.196 1.191 1.192 1.175 
143.56 0.352 1.204 1.178 1.179 1.165 
119.44 0.354 1.216 1.147 1.147 1.148 
218.08 0.493 1.168 1.135 1.137 1.195 
179.05 0.495 1.181 1.142 1.143 1.182 
160.89 0.496 1.187 1.142 1.143 1.174 
142.19 0.498 1.194 1.138 1.13S 1.165 
124.93 0.499 1.200 1.129 1.12!) 1.156 
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Table 2.30: A comparison of experimental and correlated pressure calculated using 
UNIFAC method in units of kPa at several temperatures and mass 
fractions of R22, (c^ ^ 1.0); (Experimental pressure); (a = 
p); Pg (a = P+S/tV2); Pg (a = p+s/T); P4 (a = p+sT). 
T(°F) Wr22 ^ exvl  Pi P2 P3 P4 
152.06 0.088 628 787 676 704 786 
152.60 0.088 632 791 681 707 790 
186.80 0.086 806. 1019 920 915 1017 
20.3.90 0.085 975 1094 998 980 1091 
196.16 0.085 905 1073 974 962 1070 
173.48 0.086 778 932 829 835 930 
171.50 0.087 757 918 815 823 917 
146.66 0.088 626 751 637 670 750 
145.04 0.088 620 740 626 660 739 
143.24 0.088 603 728 613 649 728 
127.94 0.198 1048 1076 1012 1049 1076 
128.30 0.198 1055 1081 1017 1054 1080 
151.34 0.196 1310 1372 1322 1335 1371 
194.00 0.193 1890 1968 1893 1893 1965 
194.18 0.193 1892 1970 1895 1894 1967 
194.18 0.193 1892 1970 1895 1894 1967 
179.06 0.193 1751 1772 1714 1712 1770 
178.34 0.194 1670 1750 1693 1692 1748 
177.08 0.194 1656 17.32 1677 1676 1731 
159.62 0.195 1455 1490 1441 1448 1489 
153.50 0.196 1349 1402 1353 1364 1402 
153.32 0.196 1347 1400 1351 1362 1399 
95.54 0.326 964 929 915 959 929 
110.84 0.324 1145 1130 1144 1163 11.30 
127.40 0.319 1418 1384 1420 1419 1384 
167.54 0.309 2098 2103 2138 2126 2103 
182.30 0.306 2372 2394 2404 2404 2393 
202.64 0.299 2839 2786 2T38 2767 2783 
194.34 0.301 2657 2642 2621 2636 2640 
194.36 0.301 2658 2642 2621 2636 2640 
183.02 0.304 2429 2419 2426 2427 2417 
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Table 2.30 (Continued) 
T^F) Wr22 ^expl  Pi P2 P3 P4 
167.90 0.309 21.34 2116 2150 21.39 2116 
167.90 0.309 21.33 2116 2150 21.39 2116 
146.48 0.314 1747 1712 1758 1745 1712 
146.48 0.314 1746 1712 1758 1745 1712 
127.94 0.319 1446 1.396 1432 1431 1396 
127.94 0.319 1446 1396 1432 1431 1396 
96.26 0.419 1148 1060 1098 1111 1061 
105.08 0.418 1276 1192 1248 1248 1193 
106.88 0.418 1311 1222 1281 1278 1222 
145.04 0.412 2009 1935 2032 2002 1935 
161.06 0.409 2367 2299 2388 2365 2299 
190.04 . 0.402 3126 3043 .3071 3088 3042 
179.42 0.405 2817 2757 2814 2812 2756 
174.56 0.406 2711 2638 2706 2697 2637 
165.92 0.408 2485 2418 2501 2482 2417 
140.36 0.413 1898 1832 1928 1899 1832 
139.64 0.413 1886 1818 1914 1885 1818 
1.36.94 0.413 1846 1766 1861 1833 1766 
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Table 2.31: Uncertainties in pressure correlations, as defined in equation (1.113), 
[cji ^ 1.0): (a = p); 62 (a = p+s/T^/^); eg (a = p+s/T); (a = 
p+sT). 
T(0F) 
^r22 «1 «2 «3 e4 
152.06 0.088 -25.36 -7.75 -12.05 -25.24 
152.60 0.088 -25.20 -7.74 -11.93 -25.08 
186.80 0.086 -26.51 -14.20 -13.53 -26.28 
203.90 0.085 -12.20 -2.29 -0.48 -11.91 
196.16 0.085 -18.55 -7.67 -6.27 -18.28 
173.48 0.086 -19.74 -6.53 -7.34 -19.56 
171.50 0.087 -21.27 -7.63 -8.70 -21.10 
146.66 0.088 -19.83 -1.70 -6.90 -19.72 
145.04 0.088 -19.42 -0.96 -6.49 -19.32 
143.24 0488 -20.86 -1.75 -7.73 -20.76 
127.94 0.198 -2ji8 3.47 -0.14 -2.66 
128.30 0.198 -2.41 3.66 0.12 -2.40 
151.34 0.196 -4.67 -0.90 -1.85 
194.00 0.193 -4.08 -0.17 -0.12 -3.95. 
194.18 0.193 -4.12 -0.19 -0.15 -3.98 
194.18 0.193 -4.09 -0.17 -0.12 -3.96 
179.06 0.193 -1.19 2.11 2.21 -1.10 
178.34 0.194 -4.78 -1.41 -1.32 -4.69 
177.08 0.194 -4.61 -1.27 -1.19 -4.52 
159.62 0.195 -2.41 0.97 0.53 -2.35 
153.50 0.196 -3.94 -0.30 -1.10 -3.89 
153.32 0.196 -3.95 -0.30 -1.11 -3.90 
95.54 0.326 5.02 0.55 3.56 
110.84 0.324 1.31 0.11 -1.59 1.30 
127.40 0.319 -0.15 -0.12 :135 
167.54 0.309 -0.24 -1.90 -1.34 -0.21 
182.30 0.306 -0.95 -1.38 -1.36 -0.90 
202.64 0.299 1.85 3.55 2.54 1.95 
194.34 0.301 0.56 1.38 0.81 0.64 
194.36 0.301 0.59 1.40 Oj# 0.67 
183.02 0.304 0.44 0.12 0.11 0.50 
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Table 2.31 (Continued) 
T(OF) Wr22 ^2 f3 f4 
167.90 0.309 0.81 -0.78 -0.23 0.85 
167.90 0.309 0.79 -0.80 -0.25 0.83 
146.48 0.314 2.00 -0.62 0.13 2.02 
146.48 0.314 1.99 -0.64 0.11 2.00 
127.94 0.319 3.44 0.98 1.03 3J4 
127.94 0.319 3J4 0.98 1.03 3.44 
96.26 0.419 7.60 4^# 3.16 7.58 
105.08 0.418 6.55 &23 2^2 6.53 
106.88 0.418 6.77 2.31 2.49 6.76 
145.04 0.412 3.69 -1.12 0.35 3.70 
161.06 0.409 -0.88 0.11 2jW 
190.04 0.402 2jW 1.77 1.23 2^# 
179.42 0.405 2.15 0.11 0.20 2.18 
174.56 0.406 2.69 0.17 0.52 2.71 
165.92 0.408 -0.66 0.13 2.70 
140.36 0.413 3.45 -1.60 -0.07 3.45 
1.39.64 0.413 3.61 -1.47 0.08 3.61 
136.94 0.413 4^2 -0.81 0.73 
Deviation 10.09 3.56 4.15 10.01 
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Table 2.32: Correlated activity coefficients from the expressions described in the 
text, (cji ^ 1.0); 71 (a = p); 72 (a = p+s/T^^); 73 (a = p+s/T); 74 
(a = p+sT). 
T(Op) Wr22 71 72 73 74 
152.06 0.088 1.412 1.214 1.262 1.411 
152.60 0.088 1.411 1.215 1.262 1.411 
186.80 0.086 1.405 1.268 1.261 1.402 
203.90 0.085 1.401 1.277 1.255 1.397 
196.16 0.085 1.403 1.274 1.258 1.400 
173.48 0.086 1.409 1.254 1.263 1.407 
171.50 0.087 1.409 1.251 1.264 1.408 
146.66 0.088 1.413 1.199 1.261 1.412 
145.04 0.088 1.413 1.195 1.260 1.412 
143.24 0.088 1.413 1.190 1.260 1.412 
127.94 0.198 1.258 1.184 L,228 1.259 
128.30 0.198 1.259 1.184 L228 1.259 
151.34 0.196 1.269 1.224 1.235 1.269 
194.00 0.193 1.281 1.233 L232 1.279 
194.18 0.193 1.281 1.233 L232 1.279 
194.18 0.193 1.281 1.233 1.232 1.279 
179.06 0.193 1.278 1.237 1.236 1.278 
178.34 0.194 1.278 1.237 , 1.236 1.277 
177.08 0.194 1.277 1.237 1.236 1.277 
159.62 0.195 1.273 1.231 1.237 1.272 
153.50 0.196 1.270 1.226 1.236 1.270 
153.32 0.196 1.270 1.226 1.236 1.270 
95.54 0.326 1.144 1.128 1.181 1.145 
110.84 0.324 1.155 1.169 1.189 1.155 
127.40 0.319 1.166 1.196 1.196 1.167 
167.54 0.309 1.188 1.208 1.202 1.188 
182.30 0.306 1.195 1.200 1.200 1.195 
202.64 0.299 1.204 1.184 1.196 1.203 
194.34 0.301 1.201 1.191 1.19S 1.200 
194.36 0.301 1.201 1.191 1.198 1.200 
183.02 0.304 1.196 1.200 1.200 1.196 
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Table 2.32 (Continued) 
T(*F) Wr22 71 72 73 74 
167.90 0.309 1.189 1.209 1.202 1.189 
167.90 0.309 1.189 1.209 1.202 1.189 
146.48 0.314 1.178 1.210 1.201 1.178 
146.48 0.314 1.178 1.210 1.201 1.178 
127.94 0.319 1.167 1.197 1.196 1.167 
127.94 0.319 1.167 1.197 1.196 1.167 
96.26 0.419 1.110 1.150 1.164 1.111 
105.08 0.418 1.115 1.167 1.167 1.115 
106.88 0.418 1.116 1.167 1.168 1.116 
145.04 0.412 1.1.34 1.191 1.174 1.1.34 
161.06 0.409 1.140 1.185 1.174 1.141 
190.04 0.402 1.151 1.162 1.168 1.151 
179.42 0.405 1.147 1.171 1.170 1.147 
174.56 0.406 1.145 1.175 1.171 1.146 
165.92 0.408 1.142 1.182 1.173 1.142 
140.36 0.413 1.132 1.192 1.174 1.132 
139.64 0.413 1.131 1.192 1.173 1.132 
1.36.94 0.413 1.130 1.191 1.173 1.131 
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Perturbation Results 
In order to apply the A-expansion method to refrigerant mixtures, one must 
proceed in two steps. The first step is to apply the method to the pure refrigerant 
in order to find its quadrupole moment (0) and its size (cr). We obtained these 
parameters by minimizing the pressure objective function S^, 
52 = ^ (psat^rj.^ _ (2.30) 
k  ^  '  
where the sum is taken over all available data. We should note here that this step can 
also be used as a new technique in other studies to determine quadrupole moment 
and/or size of any molecule. As explained in a review article by Buckingham (1959), 
different methods for the estimation of quadrupole moments often yield markedly 
different results. We strongly believe that our method of determining quadrupole 
moment is good and efficient, where higher order multipoles can be neglected. 
As we have explained in chapter 1, refrigerant dipole and quadrupole moments 
are conveniently reduced by For a Lennard-Jones reference an alternate re-
2 p n 
duction is provided by /i = /ecr . As noted earlier, since our application is 
concerned with phase equilibrium, it is more natural to employ a LJ reference rather 
than a hard sphere reference. The dipole moments of R12, R22, and R134a are 
0.51E-18 e.s.u., 1.40E-18 e.s.u., and 2.058E-18 e.s.u., respectively (Gray and Gub-
bins, 1984). By using the values of = 258.5 k^, = 206.5 k^, and 
= 8.6 kg, obtained from fits to the virial equation of state to properties of 
HCl and H F at low-density states (Gubbins and Twu, 1978), we have calculated the 
cross-interaction parameters eQ<i_p, and using the Lorentz-Bertholet 
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mixing rule (Rowlinson and Swinton, 1982), 
(2.31) 
From this we obtain = 47.15 k^, - 231. k^, ^p_}j = 42.14 kg. 
These cross-interaction parameters are then used to find ^Jlefrigerant the 
approximate equation 
^Refr igerant  ^ ^^i jHj  (2.32) 
where 
^Total  = Yl^ i j  (2.33) 
i j  
N .ij is the number of interactions between atoms i  and j  in the molecule. 
To give an example, we first recall that CCI2F2 is the chemical formula of R12, 
and calculate £^22 ^ 
^R12 = + ^^Cl-F + = 231.8 (2.-34) 
Similarly, one obtains e/222 ~ 156. kg and £^134^ = 135..5 kg. 
The reduced quadrupole moments and diameters of the refrigerants are shown in 
Table 2.33. Bondi (1968) recommended van der Waals volume (Vj,^/) increments for 
different groups to calculate the molecular properties. We have used the data given 
in  t ha t  r e f e r ence  and  found  t ha t  t he  s i ze s  o f  R12 ,  R22 ,  and  R134a  a r e  5 .14  Â ,  4 .62  A, 
and 4.92 A, respectively. The trend in these results agrees with that shown in Table 
2.33, where it is seen that R12 is the largest and R22 is the smallest in size. The 
difference between the diameters we have found and the diameters calculated with 
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Bondi's data is approximately 10% for each refrigerant. This difference is possibly 
due to use of a van der Waals diameter equation 
(2.35) 
suggested by Bondi. Comparisons of saturation pressures of pure refrigerants R12, 
R22, and R134a with the pressures calculated with the A-expansion approach are 
given in Tables 2.34, 2.35, and 2.36. 
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Table 2.33: Reduced quadrupole and sigma values 
Refrigerant type Reduced quadrupole o'(.4) 
RÏ2 1.2151 IgT 
R22 1.4658 4.15 
R134a 2.2132 4.49 
Table 2.34: A comparison of reduced experimental and correlated pressures of R12 
with A-expansion method 
T(K) psat p X  
163.88 1.995 1.959 
144.78 1.597 1.618 
127.18 1.287 1.310 
107.64 0.998 0.969 
163.36 1.983 1.950 
144.11 1.584 1.607 
126.02 1.268 1.290 
107.82 1.001 0.973 
161.64 1.945 1.919 
143.56 1.574 1.596 
119.44 1.166 1.176 
160.89 1.928 1.905 
142.19 1.548 1.573 
124.93 1.251 1.271 
Deviation 1.75 
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Table 2.35: A comparison of reduced saturation and correlated pressures of R22 
with A-expansion method 
T(K) psat pA 
152.06 2.797 &823 
152.60 2.815 2.841 
146.66 2.626 2.644 
145.04 2.576 2.591 
14124 2.522 :&.534 
127.94 2.093 2.079 
128.30 2.102 2.089 
151.34 2.774 2.799 
159.62 3.051 3.086 
1.53.50 2^^ :18T2 
153.32 2.838 2.866 
95.54 1.365 1.294 
110.84 1.680 1.638 
127.40 2.079 2.064 
167.54 3.335 3.3T6 
167.90 3.349 3^89 
167.90 3.349 3^89 
146.48 2^121 2.638 
146.48 2.621 2.638 
127.94 2.093 2.079 
127.94 2.093 2.079 
96.26 1.378 1.309 
105.08 1.556 1.504 
106.88 1.594 1.545 
145.04 2.576 2.591 
161.06 3.101 3.138 
165.92 3.276 3.315 
140.36 2.437 2.444 




Table 2.36: A comparison of reduced saturation and correlated pressures of Rl34a 
with A-expansion method 
T(K) psat p X  
100.94 0.971 0.963 
114.26 1.181 1.213 
131.18 1.495 1.525 
154.94 2.036 1.957 
139.10 1.661 1.669 
119.66 1.275 1.313 
102.20 0.990 0.987 
101.84 0.985 0.980 
153.50 1.999 1.931 
137.30 1.622 1.636 
119.84 1.279 1.317 
108.68 1.090 1.109 
153.86 2.008 1.937 
137.48 1.626 1.639 
120.38 1.288 1.326 
105.98 1.047 1.059 
105.26 1.036 1.045 
94.28 0.878 0.835 
Deviation 2.46 
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In the next step in the application of thermodynamic perturbation theory we 
consider the refrigerant/lubricant mixture. We note that the lubricant is non-volatile 
and therefore makes no direct contribution to the vapor-phase pressures which are 
measured experimentally. The only role of the lubricant is to provide a separate 
phase into which a portion of the refrigerant is partitioned. By treating the lubricant 
in these mixtures as a continuum into which refrigerant molecules are embedded, we 
have removed direct thermodynamic contributions of the lubricant. In this manner 
the non-volatility of the lubricant is introduced from the beginning, and the temper­
ature and composition dependence of the vapor pressure of the mixture is treated 
by the replacement of the CFC component with spherical molecules of an effective 
diameter 5"^. Based on this assumption the pressure objective function 
(2.36) 
k  
has been minimized to calculate the effective diameter. Tables 2.37, 2.38, and 2.39 
for R12/SUS300-f-PAO SHC234, R22/SUS150, and R1.34a/SR484 respectively, show 
the ratio of the effective refrigerant diameter to that of the true refrigerant diameter 
at different P, T, and w^. From these tables one can conclude that the ratio depends 
more on the weight fraction of the refrigerant than on the system temperature. 
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Table 2.37: Ratio of the effective diameter to the true diameter of R12 
T (OP) 
^i?12 Pexpl  (Afa) Peal  (Afo) ^rI '^R 
219.10 0.099 642.00 642.00 0.7594 
201.05 0.100 566.00 566.00 0.7615 
182.32 0.101 495.00 495.00 0.7646 
163.88 0.102 447.00 447.00 0.7698 
144.78 0.103 391.00 391.00 0.7750 
127.18 0.105 313.00 313.00 0.7781 
107.64 0.106 270.00 270.00 0.7852 
221.98 0.192 1223.00 1223.00 0.8449 
202.00 0.194 1055.00 10.55.00 0.8477 
182.27 0.196 901.00 901.00 0.8514 
163.36 0.199 765.00 765.00 0.8559 
144.11 0.201 641.00 641.00 0.8616 
126.02 0.202 557.00 557.00 0.8690 
107.82 0.204 449.00 449.00 0.8759 
222.47 0..344 2024.00 2024.00 0.9257 
202.87 0.346 1725.00 1725.00 0.9313 
18&83 0^48 1446.00 1446.00 0.9385 
161.64 0.350 1181.00 1181.00 0.9486 
143.56 0.352 981.00 981.00 0.9599 
119.44 0.354 749.00 749.00 0.9803 
218.07 0.493 2.592.00 2592.00 0.9949 
179.05 0.495 1805.00 1805.00 1.0273 
160.89 0.496 1490.00 1490.00 1.0513 
142.19 0.498 1215.00 1215.00 1.0888 
124.93 0.499 990.00 990.00 1.1442 
134 
Table 2.38: Ratio of the effective diameter to the true diameter of R22 
T (Op) 
^R22 
152.06 0.089 627.80 627.80 0.8782 
1.52.60 0.089 631.60 631.60 0.8783 
186.80 0.087 805.70 805.70 0.8711 
203.90 0.085 975.10 975.10 0.8787 
196.16 0.086 905.00 905.00 0.8758 
173.48 0.087 778.10 778.10 0.8780 
171.50 0.087 757.20 757.20 0.8771 
146.66 0.089 626.40 626.40 0.8820 
145.04 0.089 619.70 619.70 0.8826 
143.24 0.089 602.50 602.50 0.8823 
127.94 0.199 1047.80 1047.80 1.0986 
128.30 0.199 1055.10 1055.10 1.0986 
151.34 0.197 1310.30 1310.30 1.0818 
194.00 0.193 1890.20 1890.20 1.0669 
194.18 0.193 1892.10 1892.10 1.0667 
179.06 0.194 1750.80 1750.80 1.0773 
178.34 0.195 1669.70 1669.70 1.0709 
177.08 0.195 1655.90 1655.90 1.0716 
159.62 0.196 1455.20 1455.20 1.0811 
153.50 0.197 1349.20 1.349.20 1.0817 
153.32 0.197 1.346.70 1346.70 1.0818 
95.54 0.327 963.80 963.80 1.4706 
110.84 0.324 1144.80 1144.80 1.4419 
127.40 0.320 1417.60 1417.60 1.4040 
167.54 0.310 2098.30 2098.30 1.2954 
182.30 0.306 2371.60 2.371.60 1.2677 
202.64 0.299 2838.60 2838.60 1.2449 
194.36 0.302 2657.20 2657.20 1.2554 
194.36 0.302 2658.10 2658.10 1.2555 
183.02 0.305 2429.40 2429.40 1.2720 
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Table 2.38 (Continued) 
T (°F) 
*#22 Pcai  (Afa) 
167.90 0.309 2133.60 2133.60 1.2983 
167.90 0.309 2133.10 2133.10 1.2982 
146.48 0.315 1746.80 1746.80 1.3495 
146.48 0.315 1746.40 1746.40 1.3495 
127.94 0.319 1446.00 1446.00 1.4051 
127.94 0.319 1446.00 1446.00 1.4051 
96.26 0.419 1147.40 1147.40 1.3814 
105.08 0.418 1275.90 1275.90 1.37.39 
106.88 0.418 1310.80 1310.80 1.3726 
145.04 0.412 2009.40 2009.40 1.3397 
161.06 0.409 2367.30 2367.30 1.3261 
190.04 0.403 3125.90 3125.90 1.3072 
179.42 0.406 2817.20 2817.20 1.3120 
174.56 0.407 2710.70 2710.70 1.3162 
165.92 0.409 2484.80 2484.80 1.3221 
140.36 0.413 1897.60 1897.60 1.3432 
139.64 0.413 1886.30 1886.30 1.3439 
136.94 0.414 1845.90 1845.90 1.3468 
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Table 2.39: Ratio of the effective diameter to the true diameter of R134a 
T (op) WR1340 Peal  {kPa)  
100.94 0.108 .349.00 349.00 0.7781 
114.26 0.106 412.00 412.00 0.7727 
131.18 0.104 493.00 493.00 0.7670 
149.90 0.102 605.00 605.00 0.7636 
167.72 O.lOO 708.00 708.00 0.7604 
185.36 0.098 820.00 820.00 0.7588 
185.54 0.098 821.00 821.00 0.7588 
201.74 0.096 931.00 931.00 0.7586 
208.40 0.176 1711.00 1711.00 0.8710 
190.22 0.180 1473.00 1473.00 0.8711 
172.76 0.183 1267.00 1267.00 0.8728 
154.94 0.187 1069.00 1069.00 0.8763 
139.10 0.190 913.00 913.00 0.8808 
119.66 0.193 730.00 7.30.00 0.8866 
102.20 0.196 586.00 586.00 0.8938 
101.84 0.196 582.00 582.00 0.8939 
202.28 0.297 2460.00 2460.00 0.9659 
186.08 0.302 2110.00 2110.00 0.9677 
169.52 0.306 1789.00 1789.00 0.9718 
153.50 0.310 1509.00 1509.00 0.9782 
137.30 0.313 1254.00 1254.00 0.9867 
119.84 0.317 1014.00 1014.00 1.0003 
108.68 0.318 880.00 880.00 1.0108 
202.82 0.440 3181.00 3181.00 1.0276 
186.44 0.443 2671.00 2671.00 1.0315 
170.24 0.446 2230.00 2230.00 1.0402 
153.86 0.448 1849.00 1849.00 1.0544 
137.48 0.450 1515.00 1515.00 1.0754 
120.38 0.452 1220.00 1220.00 1.1109 
105.98 0.453 1007.00 1007.00 1.1585 
105.26 0.453 996.00 996.00 1.1610 
94.28 0.454 859.00 859.00 1.1980 
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CHAPTER 3. CONCLUSION 
The methods of the preceding approaches have been evaluated by allowing the 
introduction of temperature terms which do not arise from the physical model upon 
which the method is based. Therefore, the most useful test, of the quality of the 
method is not to allow these additional terms to appear. 
A = ^ea;p(.4o/T) (3.1) 
^0 
RT ~ T (3.2) 
in the Wilson and modified Wilson equations, and 
.4 = .4q and B — BQ  (3.3) 
in the Margules equation. 
To summarize a comparison of the effects of additional temperature-dependent 
terms. Tables 3.1 through 3.6 provide correlated pressures and uncertainties for each 
of the methods without the additional factors. In the following comparison all cal­
culations are performed allowing for non-idealities. The following analysis is based 
upon the comparison of these correlations with those provided earlier in which the 
additional temperature dependent terms are considered. 
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We begin by considering the R22 systems and refer to Table 3.7 where standard 
deviations and maximum errors are displayed. Again our modified Wilson equation 
gives a better representation than either the Margules or Wilson equations, both in 
terms of the standard deviation and the maximum error. Also provided in Table 3.7 
are standard deviations and maximum errors for UNIFAC calculations. We see that 
by allowing only two free parameters, as opposed to the four required in the UNIFAC 
calculation, an improvement in the representation is obtained by our modification of 
Wilson's approach. 
The presence of additional free parameters increases the quality of the repre­
sentation of all systems considered except for the R134a system using the Wilson 
equation. It is to be noted that the correlated pressures remain monotonie functions 
of temperature as the number of parameters increase. Therefore, the improvement 
is not derived from the introduction of non-physical oscillations. If we are to accept 
the physical model contained in the simple local composition approach, then we must 
conclude that the energy factors contained in the Boltzmann function are not simple 
(i.e., not constant) functions of state. Neither do they appear to be composed of a 
sum, with surface-area-dependent weights, of Boltzmann factors in this simple form, 
as proposed by equation (1.59). 
For the R22 system similar quality in the correlation is obtained and, again, the 
modified Wilson equation provides greater accuracy with fewer parameters than does 
the more complex UNIFAC approach. However, for the R12 system the quality of 
the representation from the modified Wilson equation is relatively poor at low tem­
peratures. There is a very large increase in the maximum error and also a substantial 
increase in the standard deviation. The addition of temperature dependent terms 
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reduced the uncertainty by roughly a factor of 4 for the R12 system. 
We must conclude from these observations that none of the correlation models 
which have been adopted, including the more ambitious UNIFAC model, properly 
represents the physical processes which are responsible for the temperature depen­
dence of the pressure in these mixtures. However, we must acknowledge that the 
UNIFAC approach, unlike the others which have been considered, does provide a 
physically reasoned approach to the definition of the necessary parameters in terms 
molecular properties. 
Overall, the simple interpolation provided by the Margules equation performs 
as well as any of the local composition approaches for the R12 system. In general, 
the addition of higher order terms in temperature has a relatively minor effect on the 
quality of the correlation. The method, however, suffers from any external definition, 
in terms of the chemistry of these systems, of these parameters. 
The results of our calculations using the A-expansion method show that there ex­
ists an effective diameter of the refrigerant molecule at each state point that produces 
the correct value of the pressure. Also, the simple trends displayed in the temperature 
and concentration dependence of the effective parameter suggest that t he simple con­
struction of embedding of the refrigerants in a continuum holds promise. However, 
the calculations as performed here associate with each state a free parameter, and 
there are, therefore, infinitely many free parameters. What is required is a simple 
expression for the effective diameter in terms of the state variables. 
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Table 3.1: A comparison of experimental and correlated pressures in units of kPa at 
several temperatures and mass fractions of R12, (c^ ^ 1.0): Experimen­
tal pressure, gxpÙ' 2-parameter Margules equation, (P^); 1-parameter 
Wilson equation,  (P2);  2-parameter Modified Wilson equation,  (P3);  
T (OP) w#12 ^ .expl  Pi P2 P3 
219.10 0.099 642 596 716 735 
201.05 0.100 566 538 588 603 
1&132 0.101 • 495 474 483 495 
163.88 0.102 447 410 394 405 
144.78 0.103 391 347 317 325 
127.18 0.105 313 294 256 263 
107.64 0.106 270 239 199 204 
221.98 0.192 1223 1247 1336 1.345 
202.00 0.194 1055 1103 1085 1094 
182.27 0.196 901 953 887 895 
163.36 0.199 765 814 724 732 
144.11 0.201 641 680 581 589 
126.02 0.202 557 567 467 474 
107.82 0.204 449 462 368 373 
222.47 0.344 2024 2015 2137 2118 
202.87 0.346 1725 1748 1764 1753 
182.83 0.348 1446 1478 1441 1435 
161.64 0.350 1181 1214 1148 1145 
143.56 0.352 981 1009 933 931 
119.44 0.354 749 771 691 691 
218.07 0.493 2592 2453 2644 2610 
179.05 0.495 1805 1734 1789 1773 
160.89 0.496 1490 1442 1465 1454 
142.19 0.498 1215 1178 1179 1172 
124.93 0.499 990 964 952 947 
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Table 3.2: Uncertainties, defined by equation (1.113), in pressure correlations, 
{CR ^ 1.0): 2-parameter Margules equation, (e^); l-parameter Wilson 
equation, (e2); 2-parameter Modified Wilson equation, (eg ). 
T (Op) w/?12 ei C2 f3 
219.10 0.099 7.23 -21.79 -14. 43 
201.05 0.100 4.89 -3.91 -6.56 
182.32 0.101 9.55 -0.01 
163.88 0.102 8^7 2156 9.45 
144.78 0.103 11.17 34.05 16.77 
127.18 0.105 36.45 15.87 
107.64 0.106 11.52 46.09 24.41 
221.98 0.192 -1.98 -21.13 -9.93 
202.00 0.194 -4.52 -3.81 -3.74 
182.27 0.196 -5.75 7.71 0.65 
163.36 0.199 -6.34 16.46 4^3 
144.11 0.201 -6.12 24^6 8J^ 
126.02 0.202 -1.71 3152 14.95 
107.82 0.204 -2.79 37.75 16.82 
222.47 . 0.344 0.46 -16.08 -4.66 
202.87 0.346 -1.31 -4.01 -1.63 
182.83 0.348 -2.24 4.62 0.75 
161.64 0.350 -2.77 11.94 3jW 
143.56 0.352 -2.90 17.38 5.08 
119.44 0.354 -2.89 23.71 7.70 
218.07 0.493 -7.66 -0.68 
179.05 0.495 4.62 1.79 
160.89 0.496 3^2 8.26 2.44 
142.19 0.498 3.04 12.16 3.57 
124.93 0.499 2.66 15.13 4.34 
Deviation 5.31 10.27 9.67 
142 
Table 3.3: A comparison of experimental and correlated pressures in units of 
kPa at several temperatures and mass fractions of refrigerant, R134a, 
(c^ ^ 1.0): Experimental pressure, 2-parameter Margules equa­
tion, (P^); l-parameter Wilson equation, (P2); 2-parameter Modified 
Wilson equation, (Pg). 
T (Op) w^l34a ^expl  Pi P2 P3 
100.94 0.108 349 378 291 356 
114.26 0.106 412 435 352 412 
131.18 0.104 493 511 446 490 
149.90 0.102 605 603 576 588 
167.72 0.100 708 689 730 690 
18.5.36 0.098 820 772 930 808 
185.54 0.098 821 773 933 810 
201.74 0.096 931 839 1197 945 
208.40 0.176 1711 1721 21.35 1777 
190.22 0.180 1473 1538 1601 1478 
172.76 0.183 1267 1.345 1264 1254 
154.94 0.187 1069 1152 1002 1057 
1.39.10 0.190 913 989 812 900 
119.66 0.193 730 799 620 725 • 
102.20 0.196 586 647 481 587 
101.84 0.196 582 644 478 584 
202.28 0.297 2460 2418 2603 2496 
186.08 0.302 2110 2106 2093 2117 
169.52 0.306 1789 1800 1691 1784 
153.50 0.310 1509 1526- 1371 1501 
137.30 0.313 1254 1272 1108 1246 







891 740 872 
202.82 0.440 3181 3009 3109 3197 
186.44 0.443 2671 2551 2522 2665 
170.24 0.446 2230 2143 2059 2218 
153.86 0.448 1849 1781 1670 1832 
137.48 0.450 1515 1460 1344 1497 
120.38 0.452 1220 1173 1061 1200 
105.98 0.453 1007 963 859 985 
105.26 0.453 996 953 850 974 
94.28 0.454 859 814 719 833 
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Table 3.4: Uncertainties, defined by equation (1.113), in pressure correlations, 
{c^ ^ 1.0): 2-parameter Margules equation, (e^); 1-parameter Wilson 
equation, (e2); 2-parameter Modified Wilson equation, (eg). 
T (Op) w/?i34a ei <2 C3 
100.94 0.108 -8.32 -7.32 -2.07 
114.26 0.106 -5.51 -5.15 0.02 
131.18 0.104 -3.72 -4.39 0.71 
149.90 0.102 0.26 -2.14 2J8 
167.72 0.100 2^# -2.38 2Ja 
185.36 0.098 5.81 -3.27 1.43 
185.54 0.098 5.81 -3.31 1.38 
201.74 0.096 9.86 -6.02 -1.52 
208.40 0.176 -0.61 -3.91 -4.33 
190.22 0.180 -4.47 -0.99 -0.62 
172.76 0.183 -6.14 0.21 0.95 
154.94 0.187 -7.76 0.26 1.25 
139.10 0.190 -&32 0.51 1.68 
119.66 0.193 -9.48 -0.13 1.25 
102.20 0.196 -10.43 -1.00 0.54 
101.84 0.196 -10.61 -1.17 0.38 
202.28 0.297 1.72 0.39 -1.70 
186.08 0.302 0.20 1.24 -0.39 
169.52 0.306 -0.61 1.73 0.40 
153.50 0.310 -1.11 1.93 0.82 
137.30 0.313 -1.44 2.04 1.11 
119.84 0.317 -1.56 2.07 1.31 
108.68 0.318 -1.28 2.40 1.74 
202.82 0.440 5.40 1.76 -0.67 
186.44 0.443 4.49 0.21 
170.24 0.446 3.90 2.56 0.68 
153.86 0.448 3.70 2.94 1.23 
137.48 0.450 3.60 3.21 1.65 
120.38 0.452 3.87 3J3 2.30 
105.98 0.453 4.36 4.34 3.01 
105.26 0.453 4^3 4.31 2.99 
94.28 0.454 5.18 5.20 3.06 
Deviation 5.49 3.17 1.52 
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Table 3.5: A comparison of experimental and correlated pressures in units of kPa at 
several temperatures and mass fractions of refrigerant, R22, (c^ ^ 1.0): 
Experimental pressure, 2-parameter Margules equation, (Pj^); 
1-parameter Wilson equation, (P2); 2-parameter Modified Wilson equa­
tion,  (P3).  
T (OP) 
' ^R22 ^expl  Pi P2 P3 
1.52.06 0.089 628 586 617 668 
152.60 0.089 632 589 621 672 
186.80 0.087 806 755 929 871 
203.90 0.085 975 805 1211 937 
196.16 0.086 905 791 1049 918 
173.48 0.087 778 688 792 793 
171.50 0.087 757 679 774 781 
146.66 0.089 626 558 578 637 
145.04 0.089 620 550 .567 628 
143.24 0.089 603 542 555 618 
127.94 0.199 1048 1117 927 1038 
128.30 0.199 1055 1122 932 1043 
151.34 0.197 1310 1412 12.32 1314 
194.00 0.193 1890 2006 2005 1871 
194.18 0.193 1892 2008 2009 1873 
194.36 0.193 1892 2010 2013 1874 
194.18 0.193 1892 2008 2009 1873 
179.06 0.194 1751 1810 • 1702 1686 
178.34 0.195 1670 1789 1678 1666 
177.08 0.195 1656 1771 1655 1650 
159.62 0.196 1455 1.530 1361 1624 
1.53..50 0.197 1.349 1443 1265 1.342 
15&32 0.197 1347 1440 1262 1340 
95..54 0.327 964 1002 865 973 
110.84 0.324 1145 1210 1062 1173 
127.40 0.320 1418 1472 1317 1425 
167.54 0.310 2098 2210 2087 2131 
182.30 0.306 2372 2508 2434 2415 
202.64 0.299 2839 2910 30.36 2794 
194.36 0.302 2657 2763 2767 2655 
194.36 0.302 2658 2963 2767 2656 
183.02 0.305 2429 2534 2461 2438 
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Table 3.5 (Continued) 
T (OP) 
^expl  Pi P2 P3 
167.90 0.309 2134 2224 2100 2143 
167.90 0.309 21.33 2224 2100 2143 
146.48 0.315 1747 1809 1656 1748 
146.48 0.315 1746 1809 1656 1747 
127.94 0.319 1446 1485 1328 1437 
127.94 0.319 1446 1485 1328 1437 
96.26 0.419 1147 1106 10.34 1123 
105.08 0.418 1276 1239 1166 1258 
106.88 0.418 1311 1269 1196 1288 
145.04 0.412 2009 1986 1932 2012 
161.06 0.409 2.367 2350 2322 2380 
190.04 0.403 3126 3096 3174 3128 
179.42 0.406 2817 2808 2834 2841 
174.56 0.407 2711 2289 2697 2721 
165.92 0.409 2485 2469 2452 2500 
140.36 0.413 1898 1882 1824 1908 
1.39.64 0.413 1886 1868 1809 1894 
136.94 0.414 1846 1816 1754 1841 
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Table 3.6: Uncertainties, defined by equation (1.113), in pressure correlations, 
(c^ ^ 1): 2-parameter Margules equation, (e^); 1-parameter Wilson 
equation, (e2); 2-parameter Modified Wilson equation, (eg). 
T (Op) n «2 
152.06 0.089 6.69 1.69 -6.47 
152.60 0.089 6.81 1.63 -6.35 
186.80 0.087 6.24 -15.32 -8.06 
203.90 0.085 17.49 -24.19 3.88 
196.16 0.086 12^# -15.87 -1.39 
173.48 0.087 11..55 -1.81 -1.91 
171.50 0.087 10.32 -2.23 -3.19 
146.66 0.089 10.97 7.73 -1.66 
145.04 0.089 11.24 8.51 -1.30 
143.24 0.089 10.05 7.90 -2.54 
127.94 0.199 -6.64 11.51 0.90 
128.30 0.199 -6.35 11.69 1.17 
151.34 0.197 -7.77 5.98 -0.26 
194.00 0.193 -6.13 -6.06 1.04 
194.18 0.193 -6.16 -6.19 1.01 
194.36 0.193 -6^2 -6.35 0.95 
194.18 0.193 -6.14 -6.17 1.03 
179.06 . 0.194 -3.36 2.80 3jW 
178.34 0.195 -7.12 -0.47 0.20 
177.08 0.195 -6.97 0.08 0.35 
159.62 0.196 -5.12 6.45 2.14 
153.50 0.197 -6.93 0.50 
1.53.32 0.197 -6.94 6.27 0.49 
95.54 0.327 10.22 -0.95 
110.84 0.324 -5.66 7.19 -2.48 
127.40 0.320 .&85 7.10 -0.54 
167.54 0.310 -5.33 0.55 -1.58 
182.30 0.306 -5.75 -2.63 -1.83 
202.64 0.299 -2.52 -6.94 1.57 
194.36 0.302 -3.98 -4.13 0.07 
194.36 0.302 -3.95 -4.10 0.10 
183.02 0.305 -4.29 -1.32 -0.36 
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Table 3.6 (Continued) 
T (OP) 
167.90 0.309 -4.22 1.58 -0.46 
167.90 0.309 -4.24 1.56 -0.48 
146.48 0.315 -3.55 5.21 -0.04 
146.48 0.315 -3.57 5.19 -0.06 
127.94 0.319 8J3 0.63 
127.94 0.319 -2.68 &13 0.63 
96.26 0.419 3.60 9.99 2.13 
10.5.08 0.418 2.86 8.64 1.41 
106.88 0.418 3.16 8.79 1.71 
145.04 0.412 1.19 3^# -0.14 
161.06 0.409 0.71 1.91 -0.54 
190.04 0.403 0.96 -1.53 -0.08 
179.42 0.406 0..32 -0.58 -0.83 
174.56 0.407 0.79 0.51 -0.38 
165.92 0.409 0.63 1.31 -0.61 
140.36 0.413 Oj# -0.55 
139.64 0.413 0.97 4.10 -0.40 
1.36.94 0.414 • 1.61 4,97 0.26 
Deviation 6.34 2.20 
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Table 3.7: Standard deviations and maximum errors obtained with different activity 
coefficient methods (c^ ^ 1.0) 
Mixture type Margules Wilson Modified Wilson UNIFAC 
Number of parameters 6 2 3 1 6 2 4 
R12 (Deviation) 4.6 5.3 2.5 10.2 1.4 9.7 5.1 
R12 ( WeWmax) 8.4 11.5 7.5 26.5 4.3 24.4 10.2 
R22 (Deviation) 3.8 6.3 2.8 7.3 2.1 2.2 10.1 
R22 ( ||e||n2az) 8.7 17.5 8.2 24.2 6.9 8.0 2^4 
R134a (Deviation) 4.6 5.5 3.3 3.2 0.8 1.5 
Rl34a ( llellma-T) 7.8 10.6 7.5 6.0 2.0 4.3 
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PAPER II. 
VISCOSITY CORRELATIONS OF REFRIGERANT MIXTURES 
153 
ABSTRACT 
While accurate methods for the representation of (P-T-x) data are relatively 
easy to develop, fundamental understanding of the relationship between molecular 
structure and transport properties is less well established and viscosity correlations 
are more difficult. We have evaluated several methods. These are generally in the 
f o r m  o f  a  l i n e a r  c o m b i n a t i o n ,  w i t h  m a s s ,  m o l e  o r  v o l u m e  f r a c t i o n  w e i g h t i n g ,  o f  I n  { r j )  
or In {T]/P), with a correction term dependent upon composition and temperature. 
154 
NOMENCLATURE 
G Free energy of activation for viscous flow 
M Molecular weight 
R Gas constant 
T Temperature 
V Molar volume 
X Mole fractions 
Greek Letters 
Tj Shear viscosity 
u Kinematic viscosity 
p  Density 







CHAPTER 1. INTRODUCTION 
One of the early equations, and certainly one of the most popular, relating the 
absolute viscosity of a liquid to temperature is, 
where rj  is absolute viscosity, A is a constant, G is the molal free energy of activation 
for viscosity, R is the universal gas constant and T is the absolute temperature. 
Eyring et ai. (19.36) gave the equation added theoretical significance in the 
following form; 
This equation was derived considering the flow of a liquid to be a rate process in 
which two layers of molecules in a liquid, at a distance apart, are considered and 
it is supposed that one slides past the other under the influence of an applied force. 
The motion of one layer with respect to another is assumed to involve the passage of 
a molecule from one equilibrium position to another such position in the same layer. 
In order that that passage shall occur, it is necessary that a suitable hole or site 
shall be available. The production of such a site requires the expenditure of energy 
to push back other molecules. The jump of the molecule may be regarded as the 
passage of the system over a potential-energy barrier, related to G. In equation (1.2) 
(1.1) 
( 1 . 2 )  
156 
A is the distance between two equilibrium positions in the direction of motion, the 
distance between neighboring molecules in the same direction being Ag, and A2 is the 
mean distance between two adjacent molecules in the moving layer in the direction 
of motion. Planck's constant is represented by h. If A is assumed equal to Aj, and 
Ajx Ag X A3 is identified with the molecular volume, equation (1.2) may be written 
as 
or 
t]  hN f G \  
where N is the Avogadro's number, V is the molar volume, p is the density, M is the 
molecular weight, and v is the kinematic viscosity. 
For the case of ideal mixtures, the following assumption has been made 
giving 
We introduced an additional term to represent the deviation from ideal behavior 
for nonideal refrigerant/oil mixture as 
In j In j + (-^^0 "^1^ '42r^),T^,rQ (1-7) 
We have also studied this equation in term of mass fraction { w )  instead of mole 
fraction [x) which yields the form 
In j - wji In + WQ In + (^0 + -^13" + .42T^)W^WQ ( 1.8) 
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.4q,,4j, and .42 are the adjustable parameters which are determined from experimen­
tal data. 
Grunberg and Nissan (1949) proposed the following expression for the viscosity 
of a solution 
In t; = In^i + V2 In772 + 5^'li'2 (1.9) 
where Vj^ is the volume fraction of component "i", and "5" is the characteristic con­
stant of the system. The quadratic term gviV2 takes account of the deviation from 
linearity. Since g can assume both positive and negative values, it allows for the 
positive and negative deviations from simple additive response. 
In the equation (1.10) we have expressed g as a function of temperature and 
studied the Grunberg-Nissan equation in the form given below 
In^ = vjilnriji + rQ In 7/^ + (^.Q + AiT -t- .42 ) I'/j (1.10) 
where is the volume fraction of the refrigerant. 
McAllister (1960) derived a cubic equation based on Eyring's theory of absolute 
reaction rates. He concluded that for liquids the free energies of activation are additive 
on a number fraction or mole fraction basis and that interactions of like and unlike 
molecules must be considered. The types of interactions were only three-body and 
assumed to be dependent only on the concentration and not on the free energy of 
activation. Different three-body interaction types in a binary mixture of molecules 
of types 1 and types 2 and their occurrences are shown in Table (1.1). 
The type of interactions shown in the first row of Table 1.1 correspond to a free 
energy of activation Gj, that is equal to that of pure component 1. The activation 
energy for the interaction types shown in the second and third rows of Table 1.1 are 
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Table 1.1; Interactions and their occurrences 
Type of interaction Fraction of total occurrences 
2-1-1 and 1-1-2 
2-1-2  
2-2-1 and 1-2-2 
2-2-2 
1-1-1 
1 - 2 - 1  
referred to as (5^2 • Similarly, the activation energy for the interaction types shown 
in the fourth and fifth rows are referred to as G-ji- And 0-2 corresponds to the 
interactions between molecules of type 2. 
The essential assumption made here is that the frequency of these interactions is 
dependent only on the concentration and not on the relative values of the free energy 
of activation. It may be assumed that for the mixture there is an overall effective 
free energy of activation G and further that 
For each type of energy of activation considered here a corresponding kinematic 
viscosity may be assigned. 
G — 4" 3x '^X2G-^2 4- 3z^ '^2^2 (1.11) 
(1 .12 )  
for the mixture. 
(1.1.3) 
for pure component 1. 
(1.14) 
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for interactions of types corresponding to Gyj-
hN ( Go] \  
for interactions of types corresponding to (?21' 
hlV /  Go \  
< 'IS I 
for pure component 2. 
Substituting equation (1.11) into (1.12) results in the following expression for 
the kinematic viscosity of the mixture: 
u — 
—J^explx^G'i  + 3xfx2Gi2 + 3z2.r2(?2i  + x^Goj/  RT (1.17) 
^'J-avg 
The various molecular weights may be assumed to be as follows: 
Mavg — (1.18) 
Afl2 — (2M]^ + M2 ) / 3 (1.19) 
since these interactions involve two molecules of type 1 and one molecule of type 2. 
M21 = {Ml + 2M2 )/3 (1.20) 
since these interactions involve two molecules of type 2 and one moiocule of type 1. 
Taking logarithms of equations (1.13) through (1.16), combining to eliminate the free 
energies of activation, and rearranging yields, 
0 0  A  n  
Inv = x'l In v>i + 3Z2Z2 ^12 + ^21 ^2 ^ 
ln(z2 + X2M2/M1 ) + 3x^x2 ln[(2 + M2/M1 ) .1 ^ 
Zxix\ln[{l + 2M2/MI)/.3] + (1.21) 
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It is noted that the entire equation involves only two undetermined constants, 1^12 
and ^21-
We rewrite the McAllister equation as follows 
where is the ratio of refrigerant and oil molecular weights. In this equation the 
constants l'a f 12 and lni^21 ^^e written as simple polynomials in temperature. 
The approach requiring the smallest number of experimental data points is a 
modification of the suggestion of Wei and Rowley (1984, 1985) that the height of 
the transport barrier of activation should increase as the non-ideality of the solution 
increases. This leads to a partitioning of the mixture viscosity into a volunie-fraction-
weighted sum of pure component viscosities and a correction factor involving the 
excess enthalpy. This method gives a predictive treatment of mixtures whose com­
ponents have comparable viscosities. For the mixtures considered here, pure fluid 
viscosities are very dissimilar and the approach of Wei and Rowley is not successful. 
However, we find that a sum of pure component terms weighted by the local compo­
sition of the less viscous component with a correction factor in the excess enthalpy 
provides a method which requires only a single {a) parameter to achieve accuracies 
comparable to common correlations. 
ln(^^) + ZQ ln(^—) 4- X^J^xq{AQ 4- + 
XRXQ(A-^ + A4T + - ln(z^ + -
t tM 
( 1  - (1.22) 
PR Po RT 
(1.23) 
and 
(7 = ,4o 4- (1.24) 
161 
where G is the NRTL parameter of equation (1.108) and jRT is the reduced 
enthalpy predicted by the equation (1.40). 
Two other alternative approaches are often found in the oil/refrigerant literature 
(Albright et al. (1959), Bertinat (1986), Othmer (1945), Kruse and Schroeder (1985)). 
sinh~^ln(-) - wd sinh"^ In( — ) + (1 - tnn)sinh~^ ln( —) + 
P PA PO 
(.4o + AiT + A2T^)wji{l - ivj^) (1.25) 
and 
ln(J) = -{AQ + AiT + A2T'^)lnP + (A2+A^T + A^T'^) (1.26) 
where P is the system pressure. Equation (1.26) does not recover limiting compo­
sitions and, therefore, could only be of value in the interpolation of experimental 
data. 
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CHAPTER 2. RESULTS AND DISCUSSION 
All equations to calculate mixture viscosities require pure component viscosities. 
Correlations used for R.12 and R22 in this study were taken from the NIST ther-
mophysical properties data base DIPPR. Shankland's viscosity correlation for R134a 
was used. 
The viscosities of the pure oils have been obtained by fits to experimental data 
as 
ln(77) = .4o+ yliT + .42r2 (2.1) 
We have obtained the parameters in the viscosity equations by minimizing the 
viscosity objective function 
= (2.2) 
k 
where the sum is taken over all available data provided by the ISU Refrigeration 
Laboratory. Table 2.1 shows size ratios of refrigerant/lubricant systems studied. A 
comparison of our correlations with the experimental data upon which they are based 
is provided in Tables 2.2 through 2.7 and Figures 2.1 through 2.12. Because of the 
physical content of the McAllister equation, which assumes that the free energies of 
activation for viscosity are additive on a mole fraction basis and takes interactions 
of like and unlike molecules into account, one might reasonably expect a good rep­
resentation of the data. Indeed it has worked well for R12/SUS300-I-PAO SHC234 
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and R22/SUS150 mixtures, as seen from Figures 2.1 through 2.4 and 2.9 through 
2.12. However, it doesn't provide a good representation of the R134a/SR484 mixture 
data, as can be seen in Table 2.4. A possible origin of these discrepancies may be 
the greater difference in the sizes of Rl34a and SR484 molecules. Tn Table 2.1 the 
size ratio, defined as the cube root of the ratio of the molar volumes of SR484 and 
R134a at 170 °F, is 2.3. In contrast, the relative sizes in the alkylbenzene systems 
are much closer to 1. 
Table 2.1: Size ratios of refrigerant/lubricant systems at ITO^F 
System Volumetric size ratio (molal) Size ratio 
SR484/R1.34a 12.25/1.0 2.3/1.0 
SUS1.50/R22 3.87/1.0 1.57/1.0 
SUS300-fPAO SHC2.34/R12 3.66/1.0 1.54/1.0 
When one considers the movement of a molecule in a mixture from one equi­
librium position to another, a three-body model may not be sufficient and it may 
be necessary to take into account interactions involving more than three molecules. 
Perhaps a dozen or more R134a molecules are directly affected by the movement of 
a single SR484 molecule. Therefore, one might apply a multi-body model to improve 
viscosity correlations for the R134a/SR484 mixture. However, the number of free 
parameters becomes so large that little value can be seen from this approach. 
On the other hand, among the seven viscosity equations, the Grunberg-Nissan 
equation with only three parameters gives the best results for the R134a/SR484 
mixture, as shown in Figures 2.5 through 2.8 and Table 2.4. Recalling the Grunberg-
Nissan equation 
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In 7/ = VJ^ In 7/^ + VQ In T]Q + (Ag + )^'R^'0 (2.3) 
where VJ^ and VQ are the volume fractions of the refrigerant and the lubricant, re­
spectively, we m.ay deduce that the volume fraction terms appearing in (2.3) properly 
introduce the effect of the large size ratio of SR484 to R134a on mixture viscosity. 
The Eyring equations (1.7) and (1.8), which involve mass fractions and mole 
fractions, respectively, are derived using the following mixture rules for the molal 
free energy of activation for viscosity 
respectively. For all refrigerant/lubricant mixtures, the Eyring equation contain­
ing the mass fraction gives better results than the Eyring equation containing the 
mole fraction. This can be seen from Tables 2.3, 2.5, and 2.7, where it is shown 
that the standard deviations are 5.53%, 8.12%, and 2.41% for R12 Sl'S300-|-PAO 
SHC234, R134a/SR484, and R22/SUS150, respectively, when equation (1.8) is used, 
and 6.18%, 28.48%, and 3.83% for R12/SUS.300+PAO SHC234, Ri;Ma;SR484, and 
R22/SUS150, respectively, when equation (1.8) is used. The relative error in these 
tables is defined as in the previous study of pressure correlations. 
The viscosity equation developed by Wei-Rowley (1984, 1985) is based on a local 
composition thermodynamic model. These authors studied 24 binary systems whose 
components have very similar viscosities. We have obtained good results using a 





mixtures. However, the same equation gave very poor results for the Rl.34a/SR484 
mixture. The reason is probably the relatively large viscosity difference between 
R134a and SR484. The difference in the viscosities of refrigerant/lubricant mixtures 
is smallest for the R22/SUS150 mixture. The standard deviations 3.70%, 6.16%, 
and 62.25%, respectively, have been obtained for R22/SUS150, R12/SUS300+PAO 
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Figure 2.1: Experimental and correlated viscosities of R12/SUS300-^PAO SHC234 
mixtures. McAllister ( ), Grunberg ( ). Wei-Rowley 
( ). Eyring-mass ( ); = 0.102). 
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Figure 2.2: Experimental and correlated viscosities of R12/SUS300-PAO SHC234 
mixtures. McAllister ( ). Grunberg ( 1. Wei-Rowley 
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Figure 2.3: Experimental and correlated viscosities of R12/SUS300—PAO SHC234 
mixtures. McAllister ( ), Grunberg ( ). Wei-Rowley 
( ). Eyring-mass ( ); = 0.349). 
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Temperature, F 
Figure 2.4: Experimental and correlated viscosities of R12/SL S300—PAO SHC234 
mixtures. McAllister ( ), Grunberg ( ). Wei-Rowley 


















Figure 2.5: Experimental and correlated viscosities of R134a, SR484 mixtures. 
McAllister (• — • — •), Grunberg ( asinh ( ). E\ring-mass 
( ); {u-'jfi = 0.102). 
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Temperature, °F 
Figure 2.6: Experimental and correlated viscosities of R134a. SR484 mixtures. 
McAllister ( ), Grunberg ( ). asinh ( ). Eyring-mass 
( ); (wfi = 0.188). 
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200 
Figure 2.7: Experimental and correlated viscosities of R134a SR484 mixtures. 
McAllister ( ). Grunberg ( ). asinh ( ). Eyring-mass 
(  ) ; (  =  0 . 3 0 9 )  
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I 1 
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Figure 2.8: Experimental and correlated viscosities of R134a/SR484 mixtures. 
McAllister ( ), Grunberg ( ), asinh ( ), Eyring-mass 
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Figure 2.9; Experimental and correlated viscosities of R22/ SISLÔ0 mixtures. 
McAllister ( ). Grunberg ( ), Wei-Rowley ( ). 
Ey ring-mass ( ): (tr^ = 0.089). 
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Temperature, °F 
Figure 2.10: Experimental and correlated viscosities of R22/SUS1.50 mixtures. 
McAllister ( ), Grunberg ( ). Wei-Rowley ( ). 
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Figure 2.11: Experimental and correlated viscosities of R22/SIS150 mixtures. 
McAllister ( ). Grunberg ( ). Wei-Rowley ( ), 
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Figure 2.12: Experimental and correlated viscosities of R22/SI S150 mixtures. 
McAllister ( ). Grunberg ( ). Wei-Rowley ( ). 
Eyring-mass ( ): (tr^ = 0.412). 
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Table 2.2: A comparison of experimental and correlated viscosities, in units of cp, 
at several temperatures and mass fractions of refrigerant, w^22' Ex­
perimental viscosity, {Vexj)Ù''> sinh~^, equation (1.25) , (t/^); Grun-
berg-Nissan, equation (1.10), (772); McAll ister, equation (1.22), (73); 
Othmer, equation (1.26), (774); Eyring in mass fraction, equation (1.8), 
(775); Eyring in mole fraction, equation (1.7), (775) and Wei-Rowley, equa­
tion (1.2.3), (777). 
T ((^F) 
^'^12 ^ e x p l  n  V 2  n  m  % 1 7  
213.44 0.099 3.420 2.779 3.345 3.482 3.913 3.305 3.524 3.482 
196.52 0.100 4.190 3.315 4.175 4.263 4.822 4.073 4.321 4.290 
179.78 0.101 5.2.30 4.091 5..324 5.319 5.958 5.167 5.442 5.423 
163.22 0.102 6.630 5.243 6.972 6.762 7.499 6.737 7.027 7.022 
146.48 0.103 8.570 7.073 9.451 8.810 9.751 9.084 9.359 9.368 
130.64 0.105 11.110 9.830 12.898 11.465 12.738 12.304 12.503 12.519 
113.54 0.106 15.600 15.253 18.805 15.704 18.025 17.737 17.741 17.739 
217.04 0.192 2.120 1.713 2.003 2.075 1.769 1.995 2.073 2.037 
198.14 0.194 2.560 1.997 2.512 2.496 2.110 2.436 2.517 2.489 
180.32 0.196 3.140 2.380 3.133 3.041 2.512 3.017 3.093 3.075 
163.40 0.199 3.860 2.897 3.917 3.732 3.025 3.761 3.810 3.804 
145.94 0.201 4.880 3.738 5.087 4.759 3.832 4.862 4.853 4.860 
129.56 0.202 6.210 5.054 6.708 6.159 5.013 6.359 6.249 6.269 
113.54 0.204 8.080 7.256 8.954 8.062 6.753 8.379 8.102 8.128 
218.84 0.344 0.940 0.993 0.955 0.972 0.916 0.972 0.951 0.951 
200.84 0.346 1.100 1.124 1.159 1.115 1.043 1.140 1.114 1.116 
182.30 0.348 1.300 1.300 1.386 1.320 1.208 1.360 1.329 1.331 
162.86 0.350 1.600 1.558 1.682 1.632 1.469 1.663 1.616 1.618 
146.30 0.352 1.890 1.874 2.006 2.010 1.807 1.994 1.924 1.926 
124.16 0.354 3.010 2.569 2.610 2.783 2.557 2.598 2.481 2.479 
215.24 0.493 0.530 0.652 0.522 0.520 0.637 0.535 0.509 0.528 
179.78 0.495 0.710 0.855 0.699 0.688 0.819 0.714 0.689 0.701 
163.04 0.496 0.840 0.989 0.787 0.812 0.967 0.821 0.794 0.802 
145.58 0.498 0.980 1.169 0.888 0.984 1.200 0.948 0.920 0.920 
129.54 0.499 1.120 1.398 1.003 1.214 1.530 1.090 1.061 1.051 
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Table 2.3: Uncertainties in the correlated viscosities for the methods described in 
the text. With reference to equations defined in the text: sinh~^, equa­
tion (1.2.5) , (e^); Grunberg-Nissan, equation (1.10), (e2): McAllister, 
equation (1.22), (eg); Othmer, equation (1.26), (e^); Eyring in mass 
fraction, equation (1.8), (eg); Eyring in mole fraction, equation (1.7), 
(eg) and Wei-Rowley, equation (1.23), (ey). 
T (^F) w/?12 ^1 ^3 e4 ^5 ^6 ^7 
21.3.44 0.099 18.75 2.20 -1.81 -14.41 3.35 -3.05 -1.81 
196.52 0.100 20.87 0.36 -1.75 -15.08 2.78 -3.14 -2.38 
179.78 0.101 21.78 -1.80 -1.70 -13.92 1.21 -4.06 -3.69 
16.3.22 0.102 20.92 -5.16 -1.99 -13.11 -1.61 -5.99 -5.92 
146.48 0.103 17.47 -10.28 -2.80 -13.78 -6.00 -9.20 -9.31 
1.30.64 0.105 11.52 -16.10 -3.20 -14.66 -10.75 -12.53 -12.68 
113.54 0.106 2.23 -20.55 0.67 -15.54 -13.70 -13.72 -13.71 
217.04 0.192 19.20 5..53 2.10 -16.54 5.91 2.20 3.93 
198.14 0.194 21.99 1.88 2.49 17.56 4.84 1.66 2.76 
180.32 0.196 24.20 0.23 3.14 19.99 3.90 1.48 2.07 
163.40 0.199 24.94 -1.47 3.30 21.48 2.57 1.28 1.46 
145.94 0.201 23.40 -4.25 2.47 21.48 0.38 0.55 0.40 
129.56 0.202 18.61 -8.03 0.82 19.28 -2.39 0.63 -0.95 
113.54 0.204 10.20 -10.81 0.23 16.42 -3.71 -0.27 -0.59 
218.84 0.344 -5.69 -1..57 -3.42 2.51 -3.44 -1.14 -1.17 
200.84 0.346 -2.16 -5.34 -1.35 5.16 -3.60 -1.29 -1.42 
182.30 0.348 0.02 -6.61 -1.58 7.06 -4.64 -2.20 -2.37 
162.86 0.350 2.63 -5.15 -2.01 8.20 -3.92 -0.97 -1.15 
146.30 0.352 0.85 -6.14 -6.33 4.40 -5.49 -I.SO -1.92 
124.16 0..354 14.64 13.28 7.54 15.06 13.70 17.56 17.65 
215.24 0.493 -23.01 1.59 1.82 -20.26 -1.03 3.91 0.31 
179.78 0.495 -20.40 1.57 3.06 -15.32 -0.63 3.03 1.24 
163.04 0.496 -17.73 6.32 3.28 -15.12 2.26 5.46 4.56 
145.58 0.498 -19.29 9.38 -0.73 -22.45 3.26 6.15 6.14 
129.56 0.499 -24.78 10.40 -8.43 -36.60 2.66 5.29 2.T8 
Deviation 17.56 8.04 3.36 16.87 5.53 6.18 6.16 
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Table 2.4: A comparison of experimental and correlated viscosities, in units of cp, 
at several temperatures and mass fractions of refrigerant, Ex­
perimental viscosity, iVexpO' sinh"\ equation (1.25) , (rji); Grun-
berg-Nissan, equat ion (1.10),  (772);  McAl l is ter ,  equat ion (1.22),  ( 7 / 3 ) ;  
Othmer, equation (1.26), (774); Eyring in mass fraction, equation (1.8), 
Eyring in mole fraction, equation (1.7), (T]Q) and Wei-Rowley, equa­
t ion (1.2.3),  ( 7 7 7 ) .  
T ( ° F )  WRI.340 V e x p i  V I  V 2  ^3 V 4  ?5 ^6 77 
107.24 0.108 14.850 17.64 15.96 12.158 17.217 16.645 21.464 34.358 
119.12 0.106 12.040 13.93 12.89 10.483 13.782 13.511 17.198 26.9-54 
1.34.42 0.104 9.960 10.59 9.93 8.635 10.700 10.483 13.161 19.975 
151.16 0.102 7.480 8.13 7.64 6.939 8.370 8.125 10.084 14.737 
167.00 0.100 6.030 6.52 6.10 5.595 6.729 6.-535 8.0.52 11.347 
182.66 0.098 4.990 5.38 4.97 4.477 5.394 5.383 6.612 8.989 
182.84 0.098 4.980 5.37 4.96 4.465 5.379 5.371 6.597 8,964 
197.24 0.096 4.180 4.59 4.16 3.597 4.311 4.582 5.643 7.437 
203.72 0.176 2.550 2.84 2.50 3.117 2.301 2.859 3.2-59 2.826 
187.34 0.180 3.050 3.26 2.99 3.685 2.785 3.285 3.696 3.276 
171.68 0.183 3.580 3.80 3.55 4.375 3.263 3.843 4.325 3.9.34 
1.55.84 0.187 4.2.50 4.52 4.27 5.237 3.775 4.572 5.164 4.796 
141.62 0.190 4.950 5.41 5.14 6.243 4.350 5.463 6.210 5.885 
124.34 0.193 6.280 7.02 6.62 T.884 5.339 6.977 8.023 7.808 
108.86 0.196 7.900 9.24 8.50 9.869 6.686 8.875 10.-331 10.280 
108.50 0.196 7.990 9.31 8.55 9.826 6.729 8.932 10.401 10.358 
198.86 0.297 1.470 1.52 1.47 1.602 1.372 1.5.30 1.372 0.886 
183.74 0.302 1.710 1.69 1.67 1.759 1.575 1.704 1.520 0.993 
168.98 0.306 1.940 1.91 1.89 1.979 1.769 1.925 1.725 1.136 
154.58 0.310 2.240 2.17 2.17 2.263 1.974 2.202 1.985 1.314 
140.00 0.313 2.640 2.54 2.55 2.673 2.239 2.-582 2.346 1.559 
124.52 0.317 3.220 3.06 3.07 3.247 2.614 3.105 2.839 1.889 
114.26 0.318 3.540 3..58 3.55 3.799 2.979 3.-589 3.304 2.206 
200.48 0.440 0.740 0.69 0.77 0.525 0.792 0.663 0.466 0.298 
185.54 0.443 0.850 0.79 0.85 0.589 0.942 0.752 0.534 0.341 
170.78 0.446 0.900 0.89 0.94 0.663 1.076 0.849 0.611 0.388 
156.02 0.448 1.040 1.02 1.05 0.765 1.220 0.971 0.709 0.445 
140.90 0.450 1.200 1.17 1.20 0.904 1.398 1.130 0.836 0.517 
125.42 0.452 1.430 1.38 1.41 1.098 1.641 1.-345 1.004 0.609 
112.28 0.453 1.690 1.61 1.65 1.326 1.936 1.-589 1.193 0.712 
111.38 0.453 1.670 1.64 1.67 1.345 1.961 1.609 1.209 0.720 
101.81 0.454 2.040 1.87 1.89 1.5.59 2.258 1.832 1.379 0.811 
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Table 2.5: Uncertainties in the correlated viscosities for the methods described in 
the text. With reference to equations defined in the text: sinh~^, equa­
tion (1.25) , (e^); Grunberg-Nissan, equation (1.10), (e2); McAllister, 
equation (1.22), (eg); Othmer, equation (1.26), (e^); Eyring in mass 
fraction, equation (1.8), (eg); Eyring in mole fraction, equation (1.7), 
(eg) and Wei-Rowley, equation (1.23), (ey). 
T ( " F )  G1 G2 ^3 64 «5 ^6 G7 
107.24 0.108 -18.79 -7.48 18.13 -15.94 -0.12 -44..54 -131.37 
119.12 0.106 -15.71 -7.04 12.93 -14.47 -0.12 -42.84 -123.87 
134.42 0.104 -6.35 0.28 13.30 -7.43 -0.05 -32.14 -100.55 
151.16 0.102 -8.73 -2.13 7.23 -11.90 -0.09 -34.82 -97.01 
167.00 0.100 -8.26 -1.09 7.21 -11.58 -0.08 -33..53 -88.18 
182.66 0.098 -7.88 0.40 10.29 -8.11 -0.08 -32.50 -80.13 
182.84 0.098 -7.86 0.44 10..34 -8.01 -0.08 -32.47 -79.99 
197.24 0.096 -9.79 0.54 13.95 -3.13 -0.10 -35.00 -77.93 
203.72 0.176 -11.41 2.11 -22.25 9.77 -0.12 -27.80 -10.83 
187.34 0.180 -6.92 2.04 -20.81 8.70 -0.08 -21.18 -7.41 
171.68 0.183 -6.22 0.86 -22.21 8.87 -0.07 -20.82 -9.89 
155.84 0.187 -6.25 -0.38 -23.24 11.18 -0.08 -21.50 -12.85 
141.62 0.190 -9.30 -3.77 -26.13 12.12 -0.10 -25.45 -18.89 
124.34 0.193 -11.81 -5.43 -25.54 14.99 -0.11 -27.76 -24.33 
108.86 0.196 -16.96 -7.53 -24.93 15.37 -0.12 -30.78 -30.12 
108.50 0.196 -16.51 -7.02 -24.23 15.78 -0.12 -30.18 -29.64 
198.86 0.297 -3.23 0.25 -8.97 6.68 -0.04 6.67 39.70 
183.74 0.302 0.98 2.52 -2.87 7.90 0.00 11.10 41.93 
168.98 0.306 1.66 2.41 -1.99 8.82 0.01 11.06 41.42 
154.58 0.310 3.06 3.19 -1.05 11.87 0.02 11.40 41.36 
140.00 0.313 3.85 3.59 -1.24 15.19 0.02 11.13 40.94 
124.52 0.317 4.88 4.73 -0.85 18.83 0.04 11.82 41.33 
114.26 0.318 -0.98 -0.31 -7.31 15.84 -0.01 6.68 37.68 
200.48 0.440 7.38 -3.53 28.99 -6.97 0.10 37.01 59.78 
185.54 0.443 7.11 -0.44 30.74 -10.88 0.12 37.20 59.89 
170.78 0.446 0.76 -4.59 26.31 -19.54 0.06 32.14 56.91 
156.02 0.448 2.27 -1.32 26.44 -17.30 0.07 31.80 57.19 
140.90 0.450 3.16 0.48 25.28 -15.51 0.07 30.88 57.28 
125.42 0.452 3.58 1.31 23.22 -14.79 0.06 29.76 57.40 
112.28 0.453 4.21 2.28 21.51 -14.56 0.06 29.38 57.89 
111.38 0.453 1.87 -0.07 19.45 -17.40 0.04 27.62 56.89 
101.84 0.454 8.47 7.19 23.58 -10.71 0.10 32.43 60.25 
Deviation 8.54 3.64 19.03 12.83 8.12 28.48 62.25 
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Table 2.6: A comparison of experimental and correlated viscosities, in units of cp, 
at several temperatures and mass fractions of refrigerant, vv^22- Ex­
perimental viscosity, iVexpO' sinh"^, equation (1.25) , Grun-
berg-Nissan, equation (1.10), (772); McAllister, equation (1.22), 
Othmer, equation (1.26), (774); Eyring in mass fraction, equation (1.8), 
(7/5); Eyring in mole fraction, equation (1.7), (77g) and Wei-Rowley, equa­
tion (1.23), (r?7). 
T ("F) V e x p i  ^1 V 2  ^3 V 4  % % ^77 
144..50 0.089 4.980 4.092 5.217 5.141 5.841 5.083 4.939 5.180 
147.02 0.089 4.910 3.956 5.003 4.921 5.511 4.879 4.752 4.976 
152.96 0.089 4.430 3.660 4.545 4.458 4.873 4.439 4.346 4.534 
1.5.3..50 0.089 4.430 3.6.35 4.506 4.419 4.823 4.402 4.312 4.496 
185.18 0.087 2.920 2.540 2.899 2.935 3.066 2.857 2.856 2.918 
193.82 0.086 2.700 2.335 2.601 2.707 2.713 2..588 2.602 2.644 
173.12 0.087 3.340 2.904 3.411 3.378 3.623 3.346 3.323 3.423 
171.68 0.087 3.420 2.952 3.480 3.441 3.697 3.413 3.387 3.492 
149.54 0.089 4.750 3.826 4.801 4.715 5.219 4.685 4.574 4.781 
131.72 0.199 2.860 2.368 3.096 2.984 2.284 2.993 2.857 2.906. 
132.08 0.199 2.900 2.360 3.079 2.968 2.272 2.978 2.844 2.891 
152.96 0.197 2.280 1.952 2.328 2.243 1.867 2.274 2.223 2.233 
191.48 0.193 1.580 1.432 1.522 1.5.30 1.365 1.515 1.512 1.483 
191.84 0.193 1.510 1.427 1.516 1.526 1.358 1.509 1.507 1.478 
191.66 0.193 1.510 1.430 1.519 1.528 1.362 1.512 1..509 1.481 
177.62 0.194 1.680 1.597 1.767 1.727 1.598 1.734 1.720 1.703 
177.08 0.195 1.750 I..597 1.768 1.727 1.598 1.735 1.721 1.704 
175.64 0.195 1.780 1.616 1.797 1.752 1.618 1.762 1.747 1.731 
159.44 0.196 2.130 1.850 2.158 2.083 1.299 2.111 2.074 2.076 
154.22 0.197 2.250 1.930 2.291 2.208 1.851 2.239 2.191 2.199 
154.04 0.197 2.250 1.933 2.296 2.213 1.853 2.244 2.195 2.204 
99.68 0.327 2.170 1.760 2.145 2.033 2.186 2.057 1.969 1.953 
113.00 0.324 1.780 1.598 1.803 1.754 1.538 1.767 1.730 1.715 
129.92 0.320 1.450 1.424 1.487 1.475 1.258 1.482 1.480 1.468 
166.10 0.310 1.080 1.1.38 1.084 1.076 1.173 1.084 1.099 1.088 
178.88 0.306 0.990 1.0.55 0.991 0.980 1.112 0.989 1.001 0.990 
198.50 0.299 0.830 0.939 0.844 0.868 0.857 0.879 0.891 0.876 
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Table 2.6 (Continued) 
T (°F) ^ e x p j  ^1 V 2  93 94 95 96 97 
190.76 0.302 0.890 0.984 0.910 0.907 0.986 0.917 0.926 0.913 
180.68 0.30.5 1.030 1.045 0.981 0.970 1.099 0.979 0.991 0.979 
167.00 0.309 1.100 1.1.34 1.081 1.072 1.173 1.080 1.095 1.084 
147.74 0.315 1.260 1.273 1.2.56 1.252 1.195 1.260 1.273 1.262 
131.00 0.319 1.530 1.418 1.477 1.465 1.2.53 1.473 1.472 1.460 
103.28 0.419 1.130 1.223 1.128 1.148 1.327 1.143 1.177 1.149 
111.02 0.418 1.040 1.164 1.0.36 1.074 1.1.35 1.061 1.103 1.082 
112.46 0.418 1.020 1.153 1.019 1.060 1.110 1.046 1.090 1.070 
146.84 0.412 0.790 0.940 0.761 0.810 1.961 0.791 0.839 0.840 
161.24 0.409 0.710 0.866 0.696 0.731 0.978 0.717 0.758 0.765 
141.80 0.413 0.840 0.968 0.788 0.841 0.9.55 0.821 0.870 0.869 
1.39.64 0.414 0.820 0.978 0.798 0.852 0.953 0.832 0.881 0.879 
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Table 2.7: Uncertainties in the correlated viscosities for the methods described in 
the text. With reference to equations defined in the text: sinh~^, equa­
tion (1.25) , (e^); Grunberg-Nissan, equation (1.10), (e2); McAllister, 
equation (1.22), (eg); Othmer, equation (1.26), (e^); Eyring in mass 
fraction, equation (1.8), (eg); Eyring in mole fraction, equation (1.7), 
(eg) and Wei-Rowley, equation (1.23), (e^). 
T (°F) ^/?22 G1 ^2 ^3 ^4 6.5 ^6 ^7 
144.50 0.089 17.84 -4.76 -3.22 -17.29 -2.07 0.81 -4.02 
147.02 0.089 19.43 -1.89 -0.21 -12.24 0.64 3.22 -1.34 
152.96 0.089 17.38 -2.59 -0.63 -10.01 -0.20 1.89 -2.34 
153.50 0.089 17.95 -1.72 0.24 -8.88 0.64 2.67 -1.50 
185.18 0.087 13.01 0.73 -0.50 -5.00 2.16 2.18 0.08 
193.82 0.086 13.54 3.65 -0.26 -0.48 4.15 3.62 2.07 
173.12 0.087 13.07 -2.11 -1.15 -8.48 -0.18 0.51 -2.47 
171.68 0.087 13.68 -1.75 -0.62 -8.11 0.21 0.97 -2.09 
149.54 0.089 19.44 -1.07 0.73 -9.88 1.37 3.71 -0.66 
131.72 0.199 17.19 -8.25 -4.34 20.14 -4.66 0.09 -1.59 
132.08 0.199 18.63 -6.17 -2.34 21.66 -2.68 1.93 0.30 
152.96 0.197 14.37 -2.12 1.60 18.12 0.24 2.48 2.05 
191.48 0.193 9.39 3.66 3.14 13.58 4.14 4.32 6.11 
191.84 0.193 5.46 -0.38 -1.04 10.08 0.04 0.21 2.10 
191.66 0.193 5.33 -0.59 -1.20 9.82 -0.14 0.05 -1.36 
177.62 0.194 4.96 -5.18 -2.78 4.90 -3.23 -2.40 2.65 
177.08 0.195 8.74 -1.03 1.34 8.68 0.85 1.65 1.62 
175.64 0.195 9.19 -0.93 1.59 9.12 0.99 1.86 2.76 
159.44 0.196 13.13 -1.32 2.22 15.53 0.89 2.62 2.55 
154.22 0.197 14.22 -1.81 1.87 17.73 0.51 2.63 2.27 
154.04 0.197 14.08 -2.05 1.65 17.63 0.28 2.42 2.06 
99.68 0.327 18.88 1.17 6.29 -0.75 5.23 11.24 9.99 
113.00 0.324 10.22 -1.28 1.43 13.59 0.71 2.83 3.62 
129.92 0.320 1.77 -2.54 -1.71 13.26 -2.24 -2.10 -1.26 
166.10 0.310 -5.35 
CO o
 0.40 -8.64 -0.34 -1.79 -0.77 
178.88 0.306 -6.58 -0.10 1.01 -12.36 0.11 -1.13 0.04 
198.50 0.299 -13.13 -1.71 -4.54 -3.24 -5.88 -7.40 -5.59 
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Table 2.7 (Continued) 
T (Op) fl f2 f3 H  f5 ^6 ^7 
190.76 0.302 -10.55 -2.19 -1.91 -10.84 -3.01 -4.08 -2.61 
180.68 0.305 -1.50 4.79 5.84 -6.71 4.97 3.83 4.99 
167.00 0.309 -3.13 1.74 2.56 -6.63 1.81 0.42 1.43 
147.74 0.315 -1.03 0.30 0.60 5.17 0.04 -1.05 -0.17 
1.31.00 0.319 7.31 3.49 4.24 18.12 3.74 4.59 
103.28 0.419 -8.27 0.19 -1.55 -17.45 -1.11 -4.17 -1.69 
111.02 0.418 -11.96 0.43 -3.23 -9.17 -2.03 -6.10 -4.07 
112.46 0.418 -13.05 0.11 -3.88 -8.80 -2.54 -6.81 -4.86 
146.84 0.412 -19.04 3.69 -2.52 -22.62 -0.13 -6.15 -6.31 
161.24 0.409 -22.03 2.04 -2.95 -37.73 -1.03 -6.77 -7.72 
141.80 0.413 -15.24 6.16 -0.06 -13.69 2.31 -3.53 -3.40 
1.39.64 0.414 -19.32 2.63 -3.91 -16.18 -1.42 -7.49 -7.23 
Deviation 13jW 2.95 2.60 13.86 2.41 3.83 3.70 
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Constants in Viscosity Correlations 
In the following, temperature is in units of Kelvins, and viscosity is in units of 
cpoise. 
McAllister 
In(-) = .r Dln( —)-h ,TQln( —) + .Tn.-C(^(.4Q + .4^7 + .427''')+ 
P PR PO ^  
- ln(x^ + —-) -
{i - xr)^iti{rm) (2.6) 
w here 
R e f r i g e r a n t  
R12/SUS300+PAQ SHC234 R134a/SR484 R22/SUS150 
AQ = 188.56 • Aq = 274.30 AQ = 3.01 
Al = -0.-98 Ai = -1.40 Ai = 4..54E-02 
Ag = 1.30E-03 A2 = 1.90E-03 Ag = -1.26 
A3 = 7.32 A3 = -203.09 A3 = 220.38 
A4 = 6.03E-02 A4 = 1.27 A4 = -1.16 
Â5 = -1.67E-04 A5 = -1.93E-03 A5 = 1..56E-03 
Wei-Rowley 
and 
(t = Aq + Ai/T'^ (2.9) 
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R12/SUS300+PAQ SHC234 R134a/SR484 R22/SUS150 
Aq = -0.590 AQ = -0.34 AQ = -0.120 
Ai = -2311.28 Ai = -91433.67 A^ = -22295.978 
where G is the NRTL parameter with a  is 0.2 and H^^/RT is the reduced enthalpy 
predicted by that equation. 
Sin - 1  
s i n k  ^(In(-)) = l u p s i n h  ^  +  { I  —  w  u ) s i n h  ^(ln('^)) +  
/'a 
(-4o + ait + a2t'^)iujiil - wj^) (2.10) 
R12/SUS300+PAO SHC2.34 Rl34a/SR484 R22/SUS150 
Aq - 20065.36 AQ = 12626.97 AQ = 5403.78 
Ai = -105.34 Ai = -69.55 A^ = -31.03 
A2 = 0.14 A2 - 10.08E-02 A -j = 3.96E-02 
Grunberg-Nissan 
H v )  = + (1 - >-'r )mvo ) + ('^0 + AiT  + .42r^)v^(l - v j^ )  (2.11) 
R12/SUS.300+PAO SHC2.34 R134a/SR484 R22/SUS300 
AQ  = -59.38 AQ  = 27.27 AQ  = 10.89 
A i  = 0.2.5 Ai = -0.22 A^ = -0.16 
A2 = -2..55E-04 A2 = 3.87E-04 A2 = 3.55E-04 
Gyring 
^ M ( ^ )  =  +  (  1  —  x j^ ) ln{^^ )  +  ( / I Q  - f  A-^T  +  A2T'^ )XJ^(  1  -  , v j ^ )  ( 2 . 1 2 )  
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R12/SUS300+PAO SHC234 R134a/SR484 R22/SUS150 
ÂQ = 1409.52 AQ = 11474.10 AQ = 734.53 
A 2 = -4.73 A 2 = -56.59 A^ = -3.60 
A2 = 9.80E-03 A2 = 8.25E-02 A g = 8.80E-03 
~) — wj^ln( ) + ( 1 — IV + (y^Q 4- -4]^T + .42%'^ 1 — wj^ ) (2.13) 
R12/SUS300+PAO SHC234 
AQ = -9053.33 
Ai = 40.54 
Ag = -4.82E-02 
R134a/SR484 
Aq = 10444.36 
A2 = -68.46 
A2 — 0.11 
R22/SUS150 
AQ = 900.27 
Al = -19.76 
A 2 = 4.05E-02 
Othmer 
In(^) = -(.4o + AiT + A2T'^)lnP + (.4g + A^T + A^f^) (2.14) 
R12/SUS.300+PAO SHC234 
AQ = -1.30 
Al = 2.35E-02 
A2 = -4.52E-05 
A3 = -8.76 
A4 = 0.16 
A5 = -3.02E-02 
R1.34a/SR484 
AQ = 8.69 
A 2 = -2.64E-02 
Ag = 1.17E-05 
A g = 22.45 
A4 = 4.42E-02 
A5 = -2.49E-04 
R22/SUS150 
Aq = 104.91 
Al = -0.57 
A2 = 7.81E-04 
A3 = 690.10 
A4 — -3.73 
Ag = 5.09E-03 
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Pure R12 
111(77) — ^0 ^1/^ 4- A2ln(T) + AgT'^4 (2.15) 
where 
AQ = -18.227 
Ai = 1.1613E03 
Ag = 2.2632 
.4.3 = -1.2211E - 26 
a4 = 10.0 
Pure R22 
In(7/) = Aq + Ai/T + A2 ln(T) + A^^T''^^: (2.16) 
where 
Ag = —22.154 
Ai = 1.1803E03 
A 2 = 2.93 
A3 = — 1.58E — 26 
A4 = 10.0 
Pure Rl34a 
111( 7 7 )  — Ag + -^ 4- A2T (2.17) 
where 
AQ = -3.3528 
Ai = 714.25 
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.4.2 = -0.19969E - 02 
Temperature range : 250.95 - 343.30 K. 
Pure SUS300+PAO SHC234 
ln(77) = .4o + AiT + ^27^ 
where 
-4o = 43.5754 
Ai = -0.2004 
A2 = 2.3662E - 04 
Pure SR484 
l n { r j )  = AQ + AIT + A2T'^ 
where 
AQ 29.3576 
Ai = -0.1257 
A2 = 1.3882E - 04 
Pure SUS150 
in(77) = Aq + AIT  +  A2T '^  
where 
.4o = 34.0507 
.4 2 = —0.15 50 
.42 = 1.7960E - 04 
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CHAPTER 3. CONCLUSION 
We have used well known methods for the correlation of refrigerant/lubricant 
mixtures under investigation. The standard deviations and maximum errors obtained 
for each method are displayed in Table 3.1. 
Table 3.1: Standard deviations and maximum errors obtained with different meth­
ods. NP denotes the number of parameters in the corresponding equa­
tion. 
Method NP R12/SUS.300 R22/SUS150 R134a/SR484 
sinh~^ 3 Deviation 17.60 13.29 8..54 
llellm-oa; 24.80 22.03 18.79 
Grunberg-Nissan 3 Deviation 8.04 2.95 3.64 
Ikllmaz 20.55 5.18 7.48 
McAllister 6 Deviation 3.36 2.60 19.03 
W^Wm.ax 8.43 5.84 30.74 
Othmer 6 Deviation 16.87 13.86 12.83 
\ \^ \ \m.ax 36.60 37.73 19.54 
Eyring 3 Deviation 5.53 2.41 8.12 
(in mass fraction) \ \A\max 13.70 5.88 0.12 
Eyring 3 Deviation 6.18 3.83 28.48 
(in mole fraction) llellmaa; 17.56 6.81 44.54 
Wei-Rowley 2 Deviation 6.16 3.70 62.25 
lle||7T?a.T 17.65 9.99 131.37 
This table shows that all methods but sinh~^ and Othmer give good estimates 
of mixture viscosities for R12 and R22 systems. The method we developed based 
on Wei-Rowley's local viscosity approach gives relatively good results for these two 
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systems. 
The Grunberg-Nissan equation which involves three parameters gives the best 
correlations for R134a system as shown in Table 3.1. Our equation (modified Wei-
Rowley equation) has the least number of parameters among the viscosity equations 
we have considered. It has only two parameters. 
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GENERAL SUMMARY 
To expedite the development of low ODP refrigeration systems it is useful to 
establish methods for the representation of the thermodynamic properties of refrig­
erant/lubricant mixtures which will allow reasonable uncertainties from a minimum 
number of experimental data points. For this purpose a solution model which cap­
tures the essential temperature and composition dependence of the equilibrium pres­
sure is to be sought. 
An analysis of conventional approaches to the representation of binary liquid-
vapor phase equilibrium to three refrigerant/lubricant mixtures has been made. The 
accuracy of Wilson's assumption of Boltzmann distributed local compositions for 
these systems has been tested by an examination of the temperature dependence 
of the pair-interaction energies. We find that the simple description proposed by 
this model fails and that additional non-Boltzmann terms must be added to obtain 
uncertainties, over the rather broad temperature range considered, of less than ten 
percent. A modification of Wilson's approach is introduced which, for the R22 and 
R134a systems considered, provides a reasonably accurate representation without 
amendment. However, no improvement is observed for the R12 system. 
New binary interaction parameters for R12 and R22 the UNIFAC method are 
evaluated. As a qualitative tool for the prediction of phase equilibria for these systems 
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these extensions of the existing tabulation of UNIFAC parameters may prove useful. 
However, the overall performance of this group contribution method for the specific 
systems considered is inferior, given the number of fitting parameters required, to the 
less complex local composition models, or even to a simple two parameter Margules 
equation. 
Different viscosity equations are studied to correlate refrigerant/lubricant mix­
ture viscosities. It is seen that the equations containing either mass or mole fraction 
work well for R12 and R22 systems in which the sizes of the refrigerant molecule 
and the lubricant molecule are similar. On the other hand, because the sizes of the 
R134a and SR484 are very different, only the Grunberg-Nissan equation gives good 
correlations for this system. The volume fraction terms appearing in this equation 
properly take care of the the large size difference in this system. 
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APPENDIX DENSITY CORRELATIONS 
The evaluation of equations in papers 1 and 2 requires an accurate representation 
of the mixture density. We employ an expression whose form gives the proper limits 
for pure oils and refrigerants. 
Pmix  =  + (1  -  Wf^)po{T)  +  ( .4Q +  AiT  + A2^Vf l  +  A-^Twf i )wf i { l  -  lu^)  
(A.l) 
The parameters in this mixture density equation were obtained by minimizing the 
density objective function 
(A/2) 
k  
Mixture densities from expression A.l agree with the experimental values to less than 
one per cent in relative error. 
The densities of the pure oils were represented as 
Poi l  ~  -"^0 + + ^ 2^^ + A^T^  + A^T^  (A.3) 




Oil densities calculated this way also agree with the experimental values to less than 
one per cent in relative error. 
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A correlation for the density of pure refrigerant R12 was taken from the NIST 
thermophysical properties data base DIPPR. 
^0 P =  (A.5) 
The density of pure refrigerant R134a is calculated with the equation given by 
McLinden and Gallagher (1989). 
p  = 0.5153(1 + .40^0.34 ^ 4^^0.66 ^ (A.6) 
Constants in Density Correlations 
In the following, temperature is in units of Kelvins and density is in units of 
g/cm^. 
Mixture 
P = ^ 'JRPRiT)  +  { l . - i v j i )po{T)  +  (AQ +  AiT  +  A2W^ +  A2,T iv^}wj l ( l -Wf f^ )  (A.7) 
R12/SUS300+PAO SHC234 
Aq = -1.40084 
kl = 4.33650E-03 
A2 = -2.68533 
A3 =: 8.0299E-03 
R1.34a/SR484 
AQ = -1.69576 
Ai = 5.52594E-03 
A2 = -1.01674 
A3 = 3.78013E-03 
R22/SUS1.50 
Aq = 0.24359 
Ai = -3.97386E-04 
A2 = -6.22987 
A3 = 1.91618E-02 
Pure oil 
P =  AQ +  AiT  (A.8) 
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SUS300+PAO SHC234 SR484 
Ao =.1.1837 
Al zz -0.69605E-03 
Aq = 1.0498 
Al = -0.61552E-03 
SUS150 
AQ = 1.0631 






.4r P =  
p  =  
.4^ 
.4o = 0.16029 
,4i = 0.27880 
A2 = 384.95 
/I3 = 0.296-50 
^0 
.4 
( 1 + ( 1 -
1 
AQ - 0.13797 
.4i = 0.2660.5 
A2 = 369.30 





p  - 0.5153(1 + .40^0 34 + ^ 4^5 + .4.3'33) (A.ll) 
where 
B  =  { l - T I T c )  
Tc = 374.205 
-4o = 1.72389 
Ai = 1.71761 
A2 = -2.26904 
-4.3 = 1.70444 
